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8. HEALTH AND SAFETY ASPECTS OF PLANT SITING

The principal criterion for judging the adequacy of a site for a fuel
reprocessing plant is the provision that no undue risk exists with regard
to public health and safety in the surrounding areas. Present and fore-
seeable technology requires that such plants routinely discharge small
quantities of radiocactive materials to the atmosphere; for this reason,
and also because of the large inventory of physiolbgically hazardous
materials, there is always a small, but finite, probability of a more
massive discharge. The magnitude of the routine discharge and the prob-
ability of a more massive discharge are determined by the inventory of

radioactive materials and by the design features of the plant.

Present licensing procedures for fuel reprocessing plants apply
existing federal regulations for radiation protection (1OCFR2O),l licens-
ing of production and utilization facilities (lOCFRSO),2 and siting of
nuclear reactors (lOCFRlOO),3 wherever applicable, to the plant under
study. The safety of a proposed facility is determined by evaluating,
as a unit, the proposed plant and the site. The design features of the
plant, together with the geological, hydrological, seismological, and
meteorological characteristics of the site, are analyzed to determine
whether the proposed design is adequate to maintain the barrier between
radioactivity and the surrounding population under adverse environmental
conditions such as earthquakes, tornados, ahd floods. The consequences
of releasing radioactive effluents during normal operations as well as
during "upper limit accident" conditions, are evaluated using environ-
mental characteristics of the site. The calculated concentrations of
normal plant effluents are compared with the values published in 10CFR20;
the engineered features for prevention and mitigation of the consequences
of accidents are compared with the guidelines of 10CFR50; and the calcu-
lated doses received by a member of the general public from postulated
accidental releases are compared with the guidelines specified in 10CFR100,
If, by employing conservative assumptions, it can be demonstrated that

engineered safety features and releases under all credible conditions are

within the guidelines, then the plant and the site are considered acceptable
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The following sections of this chapter present estimates of the
effect of health and safety considerations on the siting of spent-fuel
processing plants. These include the consequences of an expanding nuclear
economy on the worldwide distribution of long-lived volatile radionuclides,
local envirommental effects of the routine release of radionuclides, and

the effects of credible accidents.

Section 8.1 presents estimates of the worldwide distribution of 85Kr
and 3H in an expanding nuclear economy, assuming that these nuclides are
released quantitatively to the atmosphere and the hydrosphere. These
estimates, together with those of following sections, lead to the conclu-
sion that worldwide pollution hazards will be avoided and local operating
personnel will be protected by the necessary expedient of providing engi-
neered safety features and site boundary distances that ensure appropriately

low radiation exposures of members of the public at the site boundary.

Section 8.2 presents estimates of the effect of routine releases of
radioactive materials from spent-fuel processing plants. The consequences
of, and site boundary distances dictated by, routine releases from fuel
processing plants were estimated assuming (1) ORNL meteorological condi-
tions, (2) the complete release of noble gases and tritium, (3) iodine

decontamination factors of 2000 (present technology) and 107

in plants
for processing highly irradiated fuels that have decayed 150 and 30 days,
respectively, and (L) a particulate-release-rate model that agrees satis-
factorily with existing data. For reference purposes, the acceptable
concentrations at the site boundary were selected as one-third of the

air concentrations listed in 10CFR20, Appendix B, Table II, Column 1,
with the exception that the 1311 concentrations were further reduced by
a factor of 700 to account for the grass-cow-milk pathway to the thyroids

of small children.

The downwind consequences resulting from the routine release of radio-
nuclides from a plant processing light-water reactor (LWR) fuel (postirra-
diation decay period of 150 days) or a plant processing fast breeder
reactor (FBR) fuel (decay time of 30 days) are estimated to be controlled
by the release of noble gases and iodine. It is concluded that equipment

for removing 50 to 99% of the noble gases is necessary in plants of
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capacity more than a few tons per day; more efficient iodine removal than
that demonstrated in present technology is required for LWR plants of
capacity greater than about 6 to 10 tons/day, whereas DF's for iodine as

high as 108 may be required for FBR plants.,

Section 8.3 presents estimates of the effect of releases of radio-
active effluents in "upper limit accidents." The consequences of upper
limit accidents were estimated assuming that the acceptable annual dose
commitments resulting from exposure to the cloud or inhalation at the site
boundary are those recommended by the National Committee on Radiation Pro-
tection for annual occupational exposure. Although the assumed acceptable
dose commitments have been employed only for reference purposes, they may
be plausible on the basis that the ratio of benefit to probability of
exposure is believed to be greater for an individual of the general popu-

lation living near the site boundary than for a worker in the plant,

The meteorological and dose commitment analysis was based on the
assumptions of flat downwind terrain and exposure to the radiocactive
cloud. The consequences of downwind ground contamination and additional
exposures by such phenomena as reentrainment were not considered as mecha-
nisms that would limit plant siting. Excessive levels of ground contami-
nation would cause inconveniences, require expensive decontamination
procedures, and result in property loss; however, they would probably
not present an unavoidable threat to the health and safety of the public,

It is concluded that the confinement and ventilation systems in
spent-fuel processing plants remove particulates of nonvolatiles dispersed
under accidental conditions to such an extent that the upper limit acci-
dents are controlled by the release of such volatile and semivolatile
materials as the noble gases, iodine, ruthenium, cesium, and tellurium.
Credible upper limit accidents in well-designed facilities for interim
storage of wastes, either in liquid or solid form, are estimated to be

inconsequential with respect to those from processing operations in the

plant,
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8.1 Buildup of 85Kr and 3H in an Expanding Nuclear Power Industry

As the free world's nuclear power production increases, the buildup
of 85Kr in the atmosphere and 3H in the hydrosphere may become important.
Therefore, estimates of dose equivalents to the year 2000 from a uniform

worldwide distribution of these radionuclides have been made,

Estimates of the amual production of 85Kr and 3H are based on the
AEC's projected civilian nuclear power economy in the United States and
in the free world.)*’5 In Fig. 8.1, which shows the growth of the nuclear
power industry, foreign capacity in the year 2000 is assumed to be equal
to the estimates of capacity in the United States at that time. Thermal
power generation was estimated by assuming load factors of 0.8 to 1980
and 0.7 at the year 2000, and a thermal efficiency of 0.3l. Thus, in the
year 2000, the free world's nuclear capacity for continuous operation is
estimated to be 1 million electrical megawatts and 3.3 million thermal

megawatis.

The rates of production and accumulation of 85Kr and 3H are shown in
Fig. 8.2. Production rates were based on an assumed core irradiation of
20,000 Mwd/metric ton and a specific power of 25 Mw/metric ton. The
accumulated quantities of 85Kr and 3H were obtained by allowing each
radionuclide produced in the immediately preceding S-year period to decay
for 2.5 years and adding this value to the previously accumulated quantity
(corrected for decay for 5 years). Accordingly, in the year 2000, 85k
production will be 520 megacuries/year, and 3000 megacuries will have been
accumulated., Tritium production will be 15 megacuries/year, and 96 mega-

curies will have been accumulated.

8.1.1 85Kr Distribution and Dose Equivalent

The concentration of 85Kr in the atmosphere was estimated by assuming
complete mixing of the 85Kr and the air throughout the first 8 miles of
the atmosphere, Within this zone, 85Kr was assumed to be distributed
according to the density mass of air. Above 8 miles, the tropopause
would inhibit rapid mixing into the stratosphere.6 Rainout was consid-

ered negligible, since calculations indicated that the atmosphere
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Fig. 8.1. Estimated Growth of Civilian Nuclear Power in the Free
World.
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contained more than 95% of the stable krypton as compared with the
7

oceans,

Figure 8.3 shows the estimated whole-body exposure from 85Kr as a
function of elevation. A maximum dose rate of 1.8 millirems/year in the
first one-fourth mile of the atmosphere can be compared to an average
background radiation of 100 millirads/year (to skin) near sea level and
to permissible whole-body exposures of average population groups of 170
millirems/year, and of members of the public of 500 millirems/year, as
recommended by ICRP and FRC.8’9

8.1.2 Tritium Distribution and Dose Equivalents

Practically all of the tritium in irradiated fuel elements may be
released to the emviromment during spent fuel processing., This release
is assumed to occur as HTO, either as tritiated water or as tritiated
water vapor., The volumes of circulating waters in the world, listed in
Table 8.1, were used to calculate the concentration of tritium in the
environment, It was assumed that: (1) tritium was mixed in oceans and
seas to a depth of 4O m, (2) all the water in stream channels and in the
first 10 km of the atmosphere was circulating, (3) only the portion of
the groundwater located in the root zone was available for mixing, and
(L) complete isotopic dilution occurred in these waters. As shown in
Fig. 8.4, the estimated dose equivalents to body tissue due to inhalation
of air and absorption through skin, and to ingestion of surface water
containing 3H are 7.2 x ].O-)'l and 1.4 x 1073 millirems/year, respectively,
for the year 2000. Nonuniform distribution of 3H in rainwater and surface
water has been indicated by Libby in his claim that 50% of the tritium
released from the detonation of thermonuclear devices in 1958 had fallen
between 30° and 50° north latitude.lo
releases of 3H from fuel reprocessing plants, then approximately 10% of
the earth's surface will receive one-half of the total 3H. Thus, the

dose equivalents in this temperate zone may be five times the calculated

If this occurs in the case of

average.
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Table 8.1. Volumes of Circulating Water in the World

Volume of Water (m

3

North Latitude

Total (30°-50°)
Oceans and seas, in surface 4O m 1.l x 1020 1.3 x 10
Stream channels, average 1.17 x 10-3 2.51 x 10+°
Atmospheric moisture, average 1.29 x 1011‘L 1.72 x lO13
Subsurface water in the root zone 2.50 x lOl}‘L 5.38 x lO13
Total circulating water 1.18 x 1070 1.50 x 102
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8.2 Routine Release of Radionuclides to the Atmosphere

Present technology requires that fuel reprocessing plants continuously
discharge off-gas and ventilation air to the atmosphere. Nonradioactive
gases are generated in some process operations; for example, air is sup-
plied deliberately to some process vessels for such purposes as pneumatic
liquid level determination, mixing of solutions by sparging, and maintain-
ing nonflammable concentrations of gases and vapors. Since absolutely
leak-tight containment barriers are impractical, a flow of ventilation air
from normal working areas to enclosures (glove boxes, cells, canyons, etc.)
containing radioactive materials in process equipment is required to main-
tain a contamination gradient. By a variety of mechanisms, radioactive
gases, vapors, and aerosols of liquid and solid particles tend to become
entrained in these off-gas and ventilation streams. The absolute removal
of all radiocactive materials from these streams prior to discharge to the

atmosphere is impractical.

The policy for the routine discharge of radioactive effluents to the
environment is to maintain the rate of release of radioactive materials
at the lowest practical level consistent with current technology by care-
ful control and c amitinuous monitoring. In any event, the consequences of
the release must be within the limits established by federal regulations
(1OCFR20), which have the intent of providing that negligible risk to the
health and safety of the public will result. This policy is achieved by
(1) striving to maintain process vessel enclosures free of mobile radio-~
active materials in order to minimize the possibility that the ventilation
air will become contaminated, (2) maintaining the flow rate of the off-gas
that contains (or comes in contact with) mobile radioactive materisls at
the minimum practical level, (3) employing devices such as scrubbers and
filters to remove as much of the radiocactive material from the effluent as
is practical, and (L) discharging the effluent through stacks to provide

effective atmospheric dispersal.

8.2.1 Sources of Routine Releases

The rate of routine release of radionuclides to the atmosphere from

fuel reprocessing plants as a function of capacity (Table 8.2) was esti-
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Table 8.2, Estimated Routine Release Rates for Radionuclides as a
Function of Reprocessing Plant Capacity

Release Rate per Unit of Throughput

LWR Fuel FBR Fuel
Reprocessing Reprocessing
Plant® PlantP

Noble Gas

85k 1.0 1.0

133y, 0.1
Tritium 1.0 1.0
Halogens 0.001 1077
Particulates® 1.2 x 10-8 8.5 x 10710

3IWR fuel irradiated to a burnup of 33,000 Mwd/metric ton, at a
specific power of 30 Mw/metric ton, and allowed to decay for
150 days. Off-gas rate = 1000 cfm per metric_ton per day.
Filter effluent = 0,0012 mg of solution per m”. Solution
concentration = 0.3 kg of fuel per liter,

PIMFBR (mixed core and blankets) irradiated to a burnup of 33,000
Mwd/metric ton, at a specific power of 58.2 Mw/metric ton, and
allowed to decay for 30 days. Off-gas rate = 70 cfm per metric
ton per day. Filter effluent = 0.0012 mg of solution per m°.
Solution concentration = 0,3 kg of fuel per liter.

Cparticulate release rates are assumed to scale approximately as
the 0.6 power of the plant throughput rate. The rates given are
estimated for a plant with a capacity of 260 metric tons per year.
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mated, based on current technology for LWR fuel reprocessing plants and
foreseeable technological developments for plants that will process FBR
fuels., The corresponding release rates, in curies, may be obtained as

the product of the fractional release (Table 8.2), the fuel processing -
rate (in metric tons/day), and the concentration of the isotopes in a
metric ton of fuel (Table 8.3). These values permit a preliminary esti-
mation of site sizes that would result from the effect of routine releases.
Section 8.4 will present an analysis of tradeoffs that can be made in site

size through the use of additional engineered safety features.

Noble Gases. - A total of approximately 0.001 ft3 (STP) of the noble
gases He, Kr, and Xe is generated in each megawatt-day of reactor opera-
tion. The radiolsotopes of physiological hazard significance that remain
after 30 or more days of postirradiation decay are 85Kr and 133Xe. Un-
vented fuel contains approximately 0.3 curie of 85Kr for each megawatt-dar
of burnup. Unvented fuel contains about 1300 curies of 133Xe per mega-
watt of thermal power after 30 days of decay and negligible quantities
after 60 days of decay.

In preparing Table 8.2, it was assumed that these gases will continue
to be released quantitatively from LWR fuel reprocessing plants as the
fuel is chopped and/or dissolved. It was assumed that, in plants for
reprocessing FBR fuels after 30 days of decay, the gas would be held up
(in a charcoal bed) for a period of 18 days to effect an order-of-magnitude
reduction in the 133Xe activity. Several processes (employing charcoal
adsorption, liquid nitrogen, Amsco, or fluorocarbon scrubbing, or perm-
selective membranes), within moderate extensions of current technology,
may be employed to remove 90 to 99% of both xenon and krypton if required
because of particular site limitations or a strict adherence to a policy
of maintaining "lowest practicable" release rates. Release rates, partic-
ularly for 85Kr, would be lower for reactor fuels that use the vented

fuel concept.

Tritium, - Approximately 0,025 curie of 3H is formed for each
megawatt-day of reactor exposure. The common and most stable compound,

HTO, is practically unrecoverable by present technology after it has been

mixed with water. Present plants discharge tritium essentially quanti-
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‘Table 8.3. Radionuclide Content of IWR Fuel Decayed 1go Days and Mixed
Core-Blanket IMFBR Fuel Decayed 30 Days

1 Concentration Concentration

| (curies/metric ton) (curies/metric ton)
Nuclide In LWR Fuel In IMFBR Fuel Nuclide In LWR Fuel 1In IMFBR Fuel
3y 692 932 1317 2.17 139,000
8¢ 11,200 10,200 1327 - 1300
895y 96,000 637,000 1335 - 74,400
sy 76,600 13,400 13k 213,000 29,000
90y 76,600 43,500 136¢s 20.8 28,800
Ly 159,000 921,000 1370g 106,000 109,000
Pyr 276,000 2,100, 000 1L0g, 130 523,000
95N 518,000 2,660,000 ko, L9s 601,000
%Mo - 1810 Wlse  g6,700 1,480,000
99 - 1730 ks 770,000 1,280,000
976 1.2 1.9 Lh3p,. 694 6Ll 000
103gy 89,100 1,760,000 W7yng 51.0 185,000
106g, 110,000 1,290,000 W7pp, 99,400 353,000
103mey 89,100 1,760,000 WSpp - 61.5
e - 12,600 1515y 1150 14690
L15mg 1.3 269 1525, 11.5 10.5
12hg, 86.3 6.7 1558, 6370 79,400
125, 20.0 6720 160y, 300 9460
125gy, 8130 19,600 239 17.4 7220
125mpe 3280 6860 238py 2810 11,200
12Tmpg 6180 61,100 23%u 330 3530
12Tpg 6110 61,800 2L0p, 178 1260
129ma 6690 181,000 2llpy, 115,000 600,000
1297e 4290 116,000 2hLy 200 1570
1325 - 1170 2L2ey 15,000 65,500
1297 0.038 0.053 2lley 21,90 1240
%Mhese data are taken from Tables 3.9, 3.15, 3.33, and 3.39.
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tatively to the enviromment in off-gas and low-level liquid waste.:Ll

Complete release of tritium to the atmosphere, the planned means of dis-
posal at the MFRP plant,l2 is assumed in Table 8.2. Advanced technology,
employing either vented fuel elements or a high-temperature oxidation
process after the fuel has been chopped, may reduce the rate of release

of tritium from fuel processing plants by factors of 10 to 100.

Halogens, - Of the fission-product halogens, only the isotopes 131I
and 1291 are physiologically significant after 30 days or more of post-

irradiation decay. The Lo-

I contents of reactor fuels are approximately
0.07 and 2400 curies per megawatt of thermal power after decay times of
150 and 30 days respectively. The 1297 content is about lO-6 per megawatt-

day of fuel exposure,

In current technology, iodine reports, almost completely, to off -gas
systems as 12, HI, or iodine-orgamic compounds that are generated in such
process operations as chopping, dissolving, and evaporation. Current
off-gas trains use caustic scrubbers, which remove approximately 90% of
the iodine, and silver nitrate towers, which remove about 99% of the
remaining iodine., Through 1962, such devices were used to maintain an
average 1311 release rate to the atmosphere of approximately 0.3 curie/day
at NRTS, HAPO, SRP, and ORNL.L3

It is assumed that plants for reprocessing fuels that have decayed at
least 150 days will routinely release 0.1% of the iodine. However, plants
for reprocessing fuels after a decay period of 30 days will require develop-
ment of techniques for maintaining the fractional 1311 release in the range
of 1077, |

Particulates. - The common chemical forms of the fission products

other than the noble gases, tritium, and halogens have sufficiently low
vapor pressures that the predominant mechanism of release to the off-gas
systems is by entraimment of particulates., While several semivolatile
fission products (Tc, Se, Ru, Cs, and Te) are known to concentrate in
off-gases from certain process operations,1LL the general experience at

ORNL in fuel reprocessing operations has been that particulates in off-gas

streams have essentially the same relative content of fission products as
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the fuel being processed, The explanation is that most of the aerosol in
the ventilation streams consists of liquid particles that have become
entrained in off-gases that have contacted radioactive solutions. The
liquid particles probably have the same fission product content as the
original solution since the off-gas streams generally have high relative
humidities. The particles that dry after being deposited on ventilation
ducts and filters largely tend to remain fixed and to contribute little
to the routine release of nonvolatile fission products. (However, they
may be the source of a serious accidental release if there is a means for

sudden and massive reentrainment.)

At ORNL it has been found that the off-gases from aqueous fuel reproc-
essing operations contain particles of aqueous solutions at a concentration
of approximately 10 mg/m3 (i.e., the concentration of water particles in
fog) and that there are equal weight fractions of particles in the size
ranges less than O.Lh u, O.4 to 1.3, 3 to 5, and greater than 5 u.lS
Also, it is known that the weight distribution of particles less than
about 5 | in size is relatively constant even if there is gross entrain-
ment of larger particles. Typical deep-bed sand or High Efficiency
Particulate Air (HEPA) filters used in processing plants would quantita-
tively remove 100% of the particles greater than about 3 ,, in size and
about 99.98% of the particles less than 3 _, which have the size distri-
bution indicated above, From these data, it is estimated that the
concentration of aerosol in the filter effluent is of the order of 0,0012
mg/m>. Assuming that the radioactive solutions in the plant contain 300 g
of fuel per liter (typical of the dissolver and accountability tanks,
which contribute significantly to the off-gas) and have a specific gravity
of about 1.2, the estimated concentration of fuel in the filter effluent

is 0.3 x 10712 metric ton of fuel per cubic meter of air,

The estimated fractional release of fuel to the atmosphere from a
l-metric ton/day plant for processing >150-day-decayed LWR fuel, using
current technology, is 1.2 x 10-8, assuming a combined dissolver and
vessel off-gas flow rate of 1000 cfm. By comparison, the dissolver and
the vessel off-gas flow rates are LOO and 620 cfm, respectively, at the
NFS plant16 and approximately 500 and 1000 cfm at the Hanford Purex plant.
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It is estimated that the flow rate of the dissolver-vessel off-gas at the
MFRP plant will be 250 cfm,L?

The estimated fractional release from a l-metric ton/day plant corre-
sponds to daily release rates of 0.037 curie of mixed fission products,
0.0006 curie of 9OSr, 0.007 curie of 9SZr-95Nb, 0.004 curie of 106Ru,
0.0005 curie of lthe, and 0,00003 curie of Pu. By comparison, the
average daily release of nonvolatile fission products from the three
Hanford processing plant stacks includes 0.0l curie of 9SZr-9SNb, 0.007
curie of T93Ru, 0.006 curie of *%Ru, 0.001 curie of #lGe, and 0.00003
curie of total alpha emitters (presumed to be Pu).17 It is estimated
that the daily release of particulates from the MFRP plant stack will
consist of less than 0.006 curie of mixed fission products and less than

12 The estimated daily

0.002 curie of alpha activity from plutonium,
release of particulates from the 5-metric ton/day BNFP plant consists of

less than 0.17 curie of mixed fission products and less than 0.0001 curie
of alpha activity from plutonium; this corresponds to a fractional release

of about 1 x 10-8.18

It is estimated that technological developments will permit the
dissolver and the vessel off-gas flow rates to be reduced to 20 and 50
cfm in l-metric ton/day plants that would process 30-day-decayed FBR fuel.
If such is the case, the routine release of particulate activity should
be lower than from current plants, in spite of the higher specific activity
of FBR fuels.

It is assumed that the routine release of radiocactive particulates
to the environment will increase in direct proportion to the vessel off-gas
flow rate in plants having larger throughput rates. The fuel inventory
of individual process vessels will not increase in direct proportion to
the production rate because of the necessity for multiple equipment lines
to permit continuity of operation and the use of progressively more con-
tinuous equipment. The routine release to the off-gas system is roughly
proportional to the area of the interface between the radiocactive solid
or solution and the gaé. Radioactive aerosols are entrained in off-gas

streams primarily by sparging (usually at a fixed rate of approximately

1 scfm/fte), but also by diffusion and recoil from surfaces. As a first
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approximation, continuous equipment will have a greater surface-to-volume

ratio, which will offset the effect of larger process vessels.

8.2.2 Local Environmental Consequences of Releasing 85Kr and °H

Many pathways have been postulated by which radionuclides may be
transmitted through the environment and thereby contribute to the total

dose received by man.l9 A generalized model that relates the principal

parameters involved in estimating the external dose is as follows:zo
t2
ext =
Dijk [tl’ t‘2, Y‘(tl)] - QiJ Pijk (t) Cij {Y(t)] dt, (l)
where
ext

Dijk [ty tps Y(tl)] = total external dose to radionuclide i in
pathway j at location k for an individual

of age Y(tl) at the beginning of exposure,

13 = quantity of radionuclide i released that is
entering or available to pathway j,

Pijk(t) = concentration of radionuclide i in pathway

J at location k during time t per unit of

radionuclide initially available, and

Cij[Y(t)] = dose rate to the reference organ of an
individual of age v per unit concentration

of radionuclide.

The total external dose due to radionuclide i in pathway j at location k,
accunulated from time t, to t, by an individual of age Y(tl) at the
beginning of exposure, is the integral of the product of the level of
contamination (the quantity Qij and the concentration Pijk) and the dose
rate term, Cij' The later term includes all necessary factors that
account for the habits and characteristics of the individual., With minor
changes, the same expression can be used to estimate internal dose. TFor
internal dose, the Cij term denotes the dose comitment in the (t2 - t)
days following a one-day exposure of the individual.
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According to the International Commission on Radiological Protecticn,
the entire human body is the critical organ for exposure to 85Kr.8 The
principal mode of exposure is submersion in contaminated air. Body tissue
is the critical organ in the case of exposure to tritium as tritiated water
or tritiated water vapor, However, the external dose resulting from sub-
mersion in air containing HTO vapor is limited to areas where the skin has
minimal thickness, because of the limited penetration range of tritium's

beta particle.

Prior studies at Hanford and Oak Ridge have demonstrated that not all
modes of exposure, or pathways contributing to the same mode, are of equal

importance.gl’22

The modes of exposure considered in this analysis will
include ingestion, inhalation (and accompanying skin absorption), irradia-
tion from a contaminated surface, submersion in contaminated water, and
submersion in contaminated air. These estimates of dose consider only

the dose to "standard" man.

Procedures for Estimating Permissible Release. - Acceptable release

rates for 85Kr and 3H were investigated for a hypothetical fuel reprocess-
ing plant located at the Oak Ridge National Laboratory. This selection
was made since information was already available on some of the environ-
mental factors that influence the dispersion and possible reconcentration

of fission products that may be released.

Average annual downwind air concentrations are calculated by a modi-

fied Gaussian plume formula as follows:

(3x) = S R, 032F(9S) 1% 12 } )
X({ox : - — 2
where

X(ex) = average annual concentration along a 22.5° arc at distance

x in direction g (curies/mB),

F(eS)i = fraction of time that the wind is in direction s, for
stability S and wind speed group i,
Q = initial emission rate (curies/sec),

5(3x)z = vertical dispersion coefficient at distance x for stability
S (m)y
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g(gs)i = average wind speed in direction g, for stability S and

speed group i (m/sec),

h = stack height (m),
R = index denoting wind-speed groups,
S = index denoting stability parameter,

This expression is obtained by integrating the Gaussian plume formula over
the crosswind direction and distributing the results uniformly along the
entire arc. Since the average wind-speed vector and its frequency of
occurrence are used, calculations yield average annual air concentrations.
Applications of this technique have been demonstrated previously by

. 23
Culkowski,

Equation (2) is modified to include washout and fallout by multiplying
by the appropriate correction factors. Corrections for washout and fallout
are based on the work of Chamberlain and Slade respectively.2)""25 These
corrections are as follows:

_ X
Qwashout = S¥P [- T(8S), ] ’ (3)

1

where ) is the washout coefficient (sec~l); and

_ 12 _Ye_ 1 _n®
Ufallout = P {— (@/n) o (88), [o o(8x), P [- 2g(Sx)2J dx}’ W

where Vg is the deposition velocity (m/sec). Equation (L) can be evalu-
ated numerically, based on curves of a, values given by Hilsmeier and

G-ifford.26

Figure 8.5 shows the calculated air concentrations at the ground
surface for a l-part/sec release from a 100-m stack located at ORNL. The
most recent meteorological data reported by Hilsmeier are used in these
calculations.27 Concentrations shown in Fig. 8.5 can be compared with
others that include fallout, washout, and changes in stack height; by
this process, average annual doses can be estimated for a variety of

conditions.
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Washout. - Washout coefficients for soluble gases have been calcu-
lated by Chamberlain, using the assumption that the rate of absorption is

controlled by the rate of gas diffusion to the raindrop.2h’28

Since the
solubility of krypton in water is small (1.85 x 10710 g of krypton per
gram of water at equilibrium),7 it was assumed that the solubility limit
controls the amount of krypton absorbed. The solubility of 85Kr in rain-
water, even when released at 1 curie/sec, would be limited by the stable
krypton in the atmosphere (about L x 1073 g/m3 near sea level).’’ Tt was
further assumed that krypton is washed out of the atmosphere, beginning
at an average height of 1 mile. This assumption is based on the height
of rain-bearing cumulus clouds and on the extent of vertical development
of radioactive clouds released as a point source. The average intensity
of rainfall is about l mm/hr in the Oak Ridge area, " and, at equilibrium,
2 x ZI.O_]‘h g of krypton per second could be absorbed in a column of the
atmosphere 1 mile high and 1 cm2 in area. About 5 x lO_h g of stable
krypton per square centimeter is contained in the atmosphere to a height
of 1 mile. Based on these considerations, the average washout coefficient

was calculated to be:

_2x 10-1h g of Kr sec™t cm™?

5x lO’h g of Kr em ™2

A =} x 1071t gec .
The washout coefficient of tritiated water vapor (HTO) has been
estimated from Chamberlain's calculations for SO2 deposition in rain-

2l

water., It was considered to be proportional to the diffusion coeffi-
cient of the vapor in air. Therefore, the following expression was used

to calculate Agpo for a L-mm/hr rainfall:

DHTO

- - -l -1
2 302

where

Agpo = washout coefficient of HTO vapor (sec_l),

washout coefficient of SO, (2 x 1074 sec1y,2k

jwl
|

1o = diffusion coefficient of HTO vapor in air (0.23 cm’/sec),

Dgg, = diffusion coefficient of SO, in air (0,115 em’/sec). 2l
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Loss of HTO from a raindrop to the atmosphere was assumed to be negligible.
This assumption is valid if the distance the raindrop falls below the con-

taminated cloud is small as compared with the relaxation 1ength.*

A washout coefficient of I x lO'h sec™  for HTO vapor is consistent
with that indicated by Chamberlain and Eggleton.32 Similar values can
also be deduced from published data on the concentration of tritium in
the atmosphere and in rainwater. For example, the maximum concentration

6

of tritium, in tritium units (TU), was reported to be 10° in hydrogen,->

N

Assuming the average water content of air to be 8.6 g/m3 (at 50% relative

103 in water vapor,33 2 x 107 in methane,Bh and 1.l x lO3 in rainwater.35

humidity and 20°C) and using the values of TU listed above, the concentra-

11

tion of tritium in the atmosphere is estimated to be 2.9 x 10~ curie/mB.

The tritium content in a column of the atmosphere 1 mile high and 1 m2 in
8

curie. The rate of tritium removal from a l—m2 area
-12

area is 4.7 x 10~
by a L-mm/hr rainfall would be 5.1 x 10

washout coefficient is calculated to be:

curie/sec. Therefore, the

12

_ 5.1 x 107" curie/sec

L.7 x 10-8 curie

A =1.1x 1O-LL sec™t
Since the annual frequency of a L-mm/hr rainfall in Cak Ridge is only
0.037, the average annual ground-level alr concentrations are not reduced

significantly at these washout coefficients,

Fallout. - If the sorption of a radionuclide by the ground surface
is irreversible, the flux of the radionuclide to the surface does not
depend on the amount already deposited.36 Chamberlain describes the rate
of deposition for such a system in terms of a deposition velocity. The

following equation is used to estimate the deposition velocity of gases

or very small particles:28
kus¢
v,(z,) - — (5)
In (kuxZ,D™")

*Relaxation length is the distance in which the isotopic composition of
the raindrop decreases by 1/e.
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where
Vg = deposition velocity (cm/sec),
k = von Karman's constant (0.l),
u¥ = friction velocity (cm/sec),
Zl = reference height above ground surface at which the concentration
of the radionuclide is measured (cm),
D = molecular diffusivity (em?/sec).

By assuming u* = 4O cm/sec (appropriate to the Oak Ridge area),37 Z1 =
100 cm, and D = 0,15 em®/sec (diffusion coefficient of krypton in nitro-
gen),38 the deposition velocity of krypton is 1.7 cm/sec., For tritiated

water vapor, with D = 0,23 cmz/sec, the deposition velocity is 1.8 em/sec. 0

The retention of krypton by the soil is assumed to be limited by the
adsorption capacity of the soil for krypton. The retention of krypton by
soil can be estimated, assuming that the amount of adsorbed krypton is
proportional to the surface area of the soil, From measurements of krypton
adsorption on charcoal (2 x 10'6 g of krypton per gram of charcoal at 25°C
and 107> m Hg partial pressure)39 and the ratio of soil area to charcoal
surface area (O.OS),)'Lo the adsorption of krypton by soil is estimated to
be 1077 g per gram of soil (or 1.2 x 107 g/cm3 for a soil density of
1.2 g/cm3). The rate at which krypton is deposited on the soil is esti-
mated as the product of the deposition velocity (V_ = 0.017 m/sec) and
the krypton concentration in the atmosphere (X = I x 1073 g/m3), or
6.8 x 10-5 g m;2 sec_l. At this rate, the soil will probably become
saturated with krypton and may not act as a perfect sink for the addition
of 85Kr. The amount of 85Kr adsorbed on the soil at equilibrium is assumed
to be directly proportional to the ratio of radiocactive and stable krypton
in the atmosphere., For a 85Kr release rate of 1 curie/sec, the soil load
(at equilibrium) at the point of maximum ground-level air concentration
would be the product of 1.2 x 10/ g/cm3 (soil) and L x 1077 g/m3 divided
by the product of }; x 1073 g/m3 (air) and 397 curies per gram of 85Kr, or

L.8 x 1071 curie/cmB.

Since the adsorption of 85Kr by the soil may not be an irreversible
process, the net flux of 85k +o the soil (g n=2 sec™t) may change as the

-
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soil approaches saturation, The deposition velocity calculated from
Eq. (4) can be used to estimate only the initial flux of 85Kr to the soil
(and cloud depletion by fallout). The flux to the soil would be expected

to diminish with time until steady-state conditions are attained.

The mechanisms by which HTO vapor may be retained by the soil would
probably include adsorption, candensation, and exchange with soil moisture.
Bvaporation, evapotranspiration, and soil drainage would act to redistribute
the deposited material. Water vapor (H2O) in the atmosphere would also be
acted upon by these mechanisms and would compete with HTO for retention
by the soil. In the absence of isotopic fractionation, the ratio at equi-
librium of the deposition rate of HTO vapor to HQO vapor would be directly
proportional to the ratio of their respective concentrations in air. A
deposition velocity of 0.018 m/sec can be used to estimate the flux when
the soil acts as a perfect sink., Assuming an average water vapor content
in the atmosphere of 8.6 g/m3, the flux of water vapor to the soil due to
fallout would be 0,15 g n? sec™t (Lh.7 x 100 g n~2 year—l). The average
rate of rainfall in Oak Ridge is 1.1 g m-'2 sec—l. For a frequency of
rainfall of 0.037, the quantity of rainwater deposited each year is
1.3 x lO6 g/m2. These rates imply that, if the soil acts as a perfect
sink for water vapor fallout, the soil would receive an amount of water
equivalent to a continuous rainfall of about 0.4 mm/hr. Obviously, this
does not occur; thus the soil would not act as a perfect sink for either
HTO or HQO vapor, and the flux of HTO vapor to the soil would be expected
to vary with time. Only a free water surface, such as the Clinch River,
can be assumed to act as a perfect sink for HTO vapor that is released
from a stack. Further studies are necessary to evaluate the flux of both
34 and 8%Kr to the soil during transient and steady-state conditions.

As a first approximation, the following conservative assumptions are
made: (1) the contaminated cloud is not depleted of 85Kr and HTO by
fallout; (2) the quantity of 85Kr retained by the soil or by the Clinch
River is proportional to the ratio of radicactive and stable krypton in
the atmosphere; (3) the quantity of HTO retained by the soil is propor-
tional to the ratio of HTO vapor and HZO vapor in the atmosphere; and

(4) the Clinch River is a perfect sik for HTO vapor,
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Krypton and H2O vapor may be adsorbed on particles in the atmosphere
and, therefore, be deposited on the ground with these particles. The
quantity of krypton associated with particles is estimated by assuming
that the air contains 1.4 x ILO"J'L g of particles per cubic meter (average
of city atmosphere)hl and, as an upper limit, that these particles can
adsorb as much krypton as charcoal (2 x 10-6 g of krypton per gram).
Adsorption of krypton on particles is estimated to be 3 x 10_10 g per
cubic meter of air, which is negligible as compared with the krypton in
the atmosphere (4 x 1073 g/mB). Assuming that charcoal particles can
retain two layers of water vapor, the adsorption of water vapor by the
particles is estimated to be 7 x 10-5 g per cubic meter of air. This

value is negligible as compared with that of water vapor in the atmosphere

(8.6 g/m>).

Dose Estimation Models. - Methods described and parameters given in

ICRP Publication 28 are used to convert concentrations (X in curies/mB)
to estimates of dose equivalents to "standard" man from submersion in a
contaminated cloud, from ingestion, and from inhalation., In particular,
Egs. (12), (13), and (20) in ref. 8 are used, and equilibrium conditions
are assumed where appropriate. These dose equations are summarized in
Table 8.4.

Submersion dose rates in contaminated water were calculated by assum-
ing that the body is in the center of a sphere and receives equal quantities
of radiation from all directions.22 Other assumptions included: (1) the
radius of the contaminated fluid is large as compared with the range of
beta particles and to the half thickness of the fluid for gamma rays,

(2) an effective energy that is equal to the average energy of the beta
particle is absorbed, and (3) penetration distance for the beta particle
in the body is short, thus limiting beta radiation to skin and subsurface
tissue. The following expressions were derived to calculate dose equiva-

lents at the surface of a body submerged in contaminated fluid:
or 85Kr:
R = 0.26 X rems/hr
For 3H:
R =1.1x 1072 X rems/nr,
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where
Xw is the concentration of 85Kr or 3H in the fluid in microcuries

per gram of fluid,

Hine and Brownell describe the derivation of equations that relate to
the calculation of dose rates in air from beta emitters associated with
b2 puations (10), (11), (20),

and (21) in ref. L2 are selected for calculation in cases where the energy-

an infinite plane of negligible thickness.

dependent parameters are those adapted for dose estimates in soft tissue.
Equation 9-30 from work by Morgan and Turner is used to calculate the dose
due to gamma emitters when the source is of infinite planar extent and
infinite thickness.h3 External dose equations listed in Table 8.4 for

85

(4.8 x 107H curie/cmS) at the maximum air concentration (1.6 x 10"6 @c/cms).

soil contaminated with “~“Kr are then derived from the expected soil load
The range, in aluminum, of the average-energy beta particle from 85Kr is
used to estimate the thickness of contaminated soil contributing to the
beta radiation dose and, thus, the amount present per unit area. The
beta radiation dose rate is calculated by assuming that this amount of
85Kr is spread uniformly over the surface without taking self-absorption

within the soil layer into consideration.

Estimated Dose Equivalents. - For the purposes of this analysis, we

have chosen 85Kr and 3H release rates of 0.55 and 0.03L curie/sec respec-
tively. These release rates correspond to a reprocessing plant with a
capacity of about 6 metric tons/day (a fuel exposure of 33,000 Mwd/metric
ton and a specific power of 30 Mw/metric ton). All of the 85Kr is assumed
to be released to the atmosphere. It is assumed that 0.0085 curie of 3H
per second is released to the atmosphere as HTO vapor and 0.0255 curie of
38 per second is discharged to the Clinch River at mile 20.5 (below the
Oak Ridge municipal water intake and above the water intake for the Oak
Ridge Gaseous Diffusion Plant) as liquid waste and is diluted with LS00 ft3
of river water per second. Other schemes of 3H release, such as the dis-
tillation of 3H-bearing liquids and release to the stack as water vapor,
are possible, but would require an appropriate adjustment in the dose
estimates that follow,
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Surface water in the area can be contaminated directly by fallout
and washout of 85Kr and 3H, as well as by the direct release of HTO in
liquid waste. Clinch River water is assumed to equilibrate with 85Kr at
the maximum specific activity expected in the atmosphere up to the solu-
bility limit of krypton in water. Soils that equilibrate with 85Kr or 3H
from the overlying atmosphere are assumed to retain these materials. The
contribution, by washout, is based on the deposition rates that are calcu-
lated in the northeast sector; and these are the maximum rates. Assumptions
made for the addition of 85Kr by fallout amd 3H by washout would then give

conservative estimates of concentrations in Clinch River water, .

Figure 8.6 shows the average annual dose equivalents in millirems per
year, to the total body for submersion in air containing 85Kr. Exposures
are assumed to be continuous (168 hr/week and 50 weeks /year), These average
dose rates were calculated from the ground-level air concentrations (Fig.
8.5) that result from a l-curie/sec release rate and a negligible cloud
depletion by washout and fallout. Figure 8.7 shows the estimated dose
rates for continuous exposure, in millirems per year, at a distance 2.5 ft
above a ground surface contaminated with 85Kr. Ionizing radiation associ-
ated with tritium on the ground surface would be shielded effectively by
2.5 ft of air,

Table 8.5 contains the estimated annual dose equivalents, to the
standard man working at the Oak Ridge Gaseous Diffusion Plant (ORGDP) or
residing in Oak Ridge, due to the release of 0.55 curie of 85Kr and
0.03} curie of 3H per second in the emviromment. Periods of occupancy
are LO hr/week and 50 weeks/year for the ORGDP employee, and 168 hr/week
and 50 weeks/year for the Oak Ridge resident. A "less than" sign preceding
certain values reflects a conservative estimate. The critical modes of
exposure are submersion in air for 85Kr, and inhalation and absorption
through the skin for 3H. The estimated total-body exposure, due to re-
leases from a 6-ton/day plant, is about 90 millirems/year for the standard

man residing in Oak Ridge.

Interpretation of Results. - The Federal Radiation Council (FRC), in

consideration of a linear relationship between biological effect and dose,

background radiation, benefits and risks to be derived from radiation use,
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Table 8.5. Estimated Annual Dose Equivalents, in millirems, Received by
the Standard Man due to a 6-metric ton-per-day Reprocessing Plant
Located at CRNL

Dose Rate (millirems/year)

Mode of Reference
Exposurea Organa Employee of ORGDP Oak Ridge Resident
Krypton-85
Submersion in Total body 13 88
air
Submersion in Total body <0.006 <0.006
water
Contaminated Total body 0.03 0.2
ground (2.5
ft above
surface)
Tritium
Inhalation and Body tissue 0.43 1.9
skin absorp-
tion
Ingestion of Body tissue 10.0 <0.08
water
Submersion in Skin 0,009 0.06
air .
Submersion in Skin 0.22 <0.001

water

aExposure mode and reference organ for submersion in air, inhalation and
skin absorption, and ingestion of water is based on information contained

in ref. 8.
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and other factors, established, as its basic recommendation, that the
annual radiation exposure to the whole bodies of individuals in the
general population (exclusive of natural background or medical exposures)
should not exceed 0.5 rem.9 In the event of widespread radioactive con-
tamination, and because of uncertainties in the relationship between
average and maximum exposure, the FRC suggests the use of the arbitrary
assumption that the majority of individuals do not vary from the average
by a factor greater than 3. Thus, the use of 0,17 rem for the annual
whole-body exposure of average population groups is recommended. When
the size of the population group under consideration is sufficiently
large, consideration must also be given to the contribution of the genet-
ically significant population dose, According to the FRC,

"The use of 0,17 rem per capita per year, as described in
paragraph 5.4 as a technique for assuring that the basic
Guide for individual whole body dose is not exceeded, is
likely in the immediate future to assure that the gonadal
exposure Quide is not exceeded,

These guides are essentially in agreement with current recommendations
of the ICRP and NCRP. Each agency also encourages that every reasonable
effort be made to keep exposures as far below the offered guidance as

practicable.

In current reports, the ICRP and NCRP list the total body as the
critical organ and submersion in a semispherical infinite cloud of radio-
active gas as the critical mode of exposure for 85Kr.8’hh However, the
basic recommendations in effect at the time these reports were published
considered the whole body and the blood-forming organs as a unit, and, as
mentioned above, even the genetic dose was partially related to whole-
body dose. Because of the rather short range of the beta radiation from
85Kr, only a small fraction of the total mass of the blood-forming organs
or the testes would be exposed to a significant part of the beta dose to
skin; however, this might be as much as 1 g of red marrow (e.g., in the
skull). The mass of 1 g was previously used as a basis for dose assess-
ment.hs In later publications of the ICRP, the principle of averaging
the dose over organs and tissues is stated without qualification. This

L6

principle would permit a higher dose. Since the beta radiation does

penetrate well below the skin layer, as shown subsequently, a significant
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volume of body tissue would be irradiated at 50% or greater of the surface
skin dose, If this tissue is to be limited to 1.5 rems per year, an

increase by about a factor of 3 or slightly more might be warranted.

Krypton-85 decays principally by emitting a 0.5ll-Mev photon O.7% of
the time and a beta particle of 0,695 Mev maximum energy 99.3% of the
L7 '

time. Calculations indicate that the total dose at the surface of a
body submerged in a semispherical infinite cloud containing 85Kr is com-
posed of about 99% beta and 1% gamma. The ranges in tissue of the beta
rays of maximum and average energy are estimated to be 2.6 mm and 0.55 mm
respectively. A considerable fraction of the beta particle energy will
be deposited, on the average, in the epidermal (range in thickness, 0.023
to 0,070 mm) and dermal (average thickness, 0.70 mm) layers of the skin
of the total body.)'L8 Thus, there is reason to reevaluate the total body
as the critical organ from submersion exposure to 85Kr as a function of

depth-dose relationships.

85Kr and °H from a fuel reprocessing
plant sited at ORNL, 85Kr would be of greater dose potential to man than

3H. Of the modes of exposure considered, submersion in contaminated air

For the complete release of

would deliver the largest dose, that is, about 90 millirems per year for
a 6-ton/day plant. As explained above, current guidance for total-body
exposure to 85Kr limits the maximum permissible dose of individuals in

the general population to 500 millirems per year (and of average popula-

tion groups to 170 millirems per year).

The potential dose resulting from the release of 3H in liquid waste
is small because credit can be taken for dilution in the Clinch River in
which flow is substantial (4919 ftB/sec) and the river is not used as a
source of municipal water, Dose estimates by the ingestion of water
(10 millirems annually) at ORGDP would increase in direct proportion to
a reduction in flow rate and increase by a factor of 3 if the water were
used as a municipal water supply. Disposal of 3H in water vapor released
to the stack may be one way to reduce the potential exposure from ingestion

of water.
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Economic benefits would be expected to accrue from large processing
plants, but remote siting may not be a practical method for restricting
population exposures in the future. This is the justification, therefore,
to continue research and development studies, now in progress, to reduce
the amounts of 85Kr and 3H released and to understand more completely the

fate of these radionuclides after discharge to the ernviromment.

8.2.3 Local Environmental Consequences from All Routine Releases

Although the routine releases of 85Kr and 3H were emphasized in the
preceding section, the absolute removal of all other radicactive materials
from gases and vapors prior to discharge to the atmosphere is impractical.
Of the remaining radionuclides, 1311 is known to be important because of
reconcentration that occurs in the grass-cow-milk pathway to the thyroids of
small children. Less experimental information is available on the behavior
of 1291 in the emviromment, but the assumption will be made that the grass-
cow-milk pathway is the dominant mode of exposure from this radioisotope.
The controlling pathways for exposure from particulates of mixed fission
products and actinides are, also, not well understood. However, it is
known that, under some circumstances, such effects as reconcentration in
fish or crops and resuspension may be important. In this analysis, it
will be assumed that the major exposures from the atmospheric release of
particulates will result from direct inhalation of the contaminated air.

Based on the results of the preceding section, it will be assumed
that the maximum acceptable average annual concentrations of 85Kr and 3H
in air at the boundary of a fuel reprocessing plant site are 1 x lO"7 and
7x 10_8 curies/m3 respectively. These are the values recommended by
10CFR20, Appendix B, Column II, and correspond to annual whole-body
exposures of 170 millirems. Experimental evidence has suggested that
the average annual concentration of 1311 in air, as provided by 10CFR20,
should be reduced by a factor of about 700 to account for deposition
followed by the grass-cow-milk pathway.h9 It is assumed that this same
reconcentration factor of 700 should be applied to 1291, but that, in

addition, another factor of 10 is required to account for the relatively

longer effective half-life of 1291 on grass, Consequently, the assumed
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maximum acceptable average annual concentrations of 1311 and 129I at the
site boundary are 1 x 10-10/700, or 1.4 x 10713 curie/m3, and
2 x 10711/700/10, or 3 x 107° curie/m>, respectively. The assuued
acceptable average annual air concentrations of particulates containing
mixtures of radionuclides are weighted average values that were derived
using one-third of the 10CFR20 concentrations for specific nuclides and
relative radionuclide concentrations from Table 8.3. These assumed values
are 1 x lO-lo curie/m3 for mixed fission products from the LWR fuel,
3 x 10710
L x 10733

curie/m> for the mixed fission products from FBR fuel, and

curie/m3 for the mixed actinides from either type of fuel,

Maximum site boundary distances dictated by the routine release of
radionuclides to the atmosphere were estimated by assuming average annual
concentration parameters that prevail in the direction northeast of RNL
(Fig. 8.5). Figure 8.8 compares this concentration parameter for the
northeast direction at ORNL with corresponding parameters that have been
estimated for the Hanford,’®, MRTS,°’ and Savammah River Sites.’® The
dashed curve labeled "I" shows the concentration parameter for iodine at
ORNL that would result if the iodine were depleted from the plume with a
deposition velocity of 0.0l m/sec.52 The ORNL, Hanford, and NRTS data
presented in Fig. 8.8 are based on meteorological calculations averaged
over annual-weather conditions, but they are known to be reasomable based
on long-term envirommental monitoring studies. The Savannsh River data
1311 made at the

site boundary over a period of one year. The Savannah River data reflect

are derived from results of air sampling studies for

the depletion of iodine in the plume.

Table 8.6 presents estimates of the site boundary distances and
resultant average annual concentrations of the various species of radio-
nuclides that would be dictated by routine releases from conceptual IWR
and FBR plants sited at ORNL, These estimates assume that the plume is
not depleted by deposition, fallout, and washout, Table 8.6 also gives
estimates of the average annual concentrations of radionuclides at the
site boundaries of the NFS,16 MFRP,12 and BNFP18 plants. These latter
results were taken from the Safety Analysis Reports for the three plants;

thus the assumptions made in the calculations are not necessarily the same
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as those employed for the present analysis of conceptual plants. The com-
parisons are of value in that they reflect the range of results that can
be obtained through the use of various assumptions and computational
techniques, as well as point out differences that may exist in meteorolog-

ical conditions from site to site.

The large site boundary distances that are estimated for plants of
high capacity provide incentive for removal of a larger fraction of the
noble gases and iodine than was assumed in Sect. 8.2.1. This will be
considered further in Sect. 8.4 after estimates are presented of the site

boundary distances that are dictated by upper limit accidents.
8.3 Accidental Releases of Radioactive Materials

Fuel processing plants utilize three barriers for the confinement of
radioactive materials. Accidents may cause the primary barrier to fail
and, in turn, radiocactive gas, liquid, or aerosol (usually under pressure)
to be discharged to the second barrier. The first confinement barrier
consists of the process vessels, the associated interconnecting piping,
and the highly efficient vessel off-gas train. The second barrier is the
thick concrete cell wall, which is designed to provide radiation shielding
and to limit the effect of the maximum explosion in a process vessel within
the cell to minor leakage of air or gas to the third barrier, The latter
barrier, an industrial building, surrounds all penetrations in the cell
walls. Under normal conditions, outside air is drawn into the building
through (1) airoughing filter, (2) a check valve and another roughing
filter to the cells, and (3) a venﬁilation duct (where it mixes with the
effluent from the off-gas train) and HEPA or deep-bed filter to blowers,
which exhaust to a stack. Normally a portion of the ventilation air from
the building does not pass through the cells but flows directly, through
a suitable restriction, to the upstream side of the filters. In an acci-
dent situation, in which one or more cells may become pressurized, this
latter flow tends to maintain the building at a negative pressure with
respect to the enviromment., Glove-box facilities have three barriers —
the box, the laboratory, and the building — which have comparable confine-

ment potential to the vessel, cell, and building, Mobile materials in

storage canals are confined by a container, the water, and a building.




8-40

Potentially, liquid waste management facilities also have three
barriers of confinement — the tank, a vault, and a building. In present
practice, however, massive failure of the tank (such as by a hydrogen-air
explosion in the vapor space), resulting in significant pressurization of
the vault, is not considered credible because of the assumed reliability
of preventive measures; therefore, the third barrier (a backup floor pan
and a building) may not be considered necessary. By making the more pessi-
mistic assumption that a hydrogen-air explosion in a waste tank is credible,
it is assumed in this study that either the waste tank or the vault (which
is possibly vented through a large pipe to other vaults or to cells of the
processing plant) is designed to contain the explosion (a maximum of ~100
psig in the vapor space of the tank), resulting in only minor leakage that
is confined to a building and routed through a filtered ventilation system.

The following basic assumptions were made for the purpose of assessing

the effects of credible accidents in fuel reprocessing plants:

(1) The secondary containment barrier (cell, vault, water in the
storage pool, and ventilation-filter system) and the building
can, and will be, designed to maintain their confinement

potential following exposure to any credible internal forces.

(2) Process and confinement systems can, and will be, designed in
such a manner that exposure to credible external events or
forces (loss of power, earthquake, tornado, flood, hurricane,
impaction by moving vehicles, etec., but not including acts of
war) will not impair the ability to shut down the plant safely

and maintain safe shutdown conditions.

The following sections will describe more detailed assumptions that
have been made with respect to the properties of fuel reprocessing plants
and waste management facilities, estimates of the fractiomal release of
radioactive materials resulting from accidents, a model for the assessment
of downwind consequences of a release, and implications of the estimated
dose rates as a function of distance downwind,
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8.3.1 Assumed Properties of Fuel Reprocessing Plants

Properties of fuel reprocessing plants as a function of capacity (see
Table 8.7) have been assumed for the purpose of estimating the fractional
release of radioactive materials in the event of an accident, With a few
exceptions, the contaimment and confinement features that were selected
represent either present or only moderate extensions of current technology.
Future large-capacity plants will, undoubtedly, have many properties
different from those selected; however, it is assumed that the important
derived numbers (i.e., the quantities of radiocactive materials released

in accidents) will remain unchanged or decrease with advancing technology.

The assumed properties are for central plants processing spent fuels
from light water (IWR) or fast breeder (FBR) reactors employing unit oper-
ations of chop-leach, solvent extraction, and ion exchange. A schematic
drawing of the type of plant that is assumed is shown in Fig, 8.9. It is
assumed that spent fuels are stored prior to processing in watér-filled
canals, High-level wastes are assumed to be either pot-calcined immediately
and stored in water-filled canals for two years prior to shipment or stored
for two years in an acid solution and then calcined prior to shipment.
Low-level wastes are assumed to be discharged predominantly to the atmos-
phere. Intermediate-level wastes (spent solvent, resins, etc.) are assumed
to be fixed in asphalt, polyethylene, or concrete; and hulls are assumed

to be stored in vaults in relatively small containers.

Process Equipment. - It is assumed that the concentrations of fuel

(U + Pu) in aqueous solutions in the head ends of the LWR and FBR plants

are 0,3 and 0.1 metric ton/m3 respectively. The volume of fuel solution

in a single vessel was kept rzlatively small, 3 to 30 m3, by assuming that
the relative processing rate will have increased by a factor of 3 (because
of more continuous equipment) by the time that 18-metric ton/day IWR plants
or 9-metric ton/day FBR plants are built, and that the 36-metric ton/day
plants for IWR and FBR fuels consist, respectively, of two 18-metric ton/day
and four 9-metric ton/day independent modules. Multiple tarks of these
assumed sizes, in separate compartments to prevent interaction in the

event of an accident, would be employed if additional capacity is needed

for head-end equipment (dissolver, and accountability and solvent extrac-
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Table 8.7, Assumed Properties of Reprocessing Plants and Waste Storage Facilities

Fuel Processing Rate (metric tons/day)®

LWR Fuel FBR Fuel
1 6 36 1 6 36
Processing plant
Total dissolver solution, m3/day 3.33 20 120 10 60 360
No, of independent lines 1 1 2 1 1 In
Relative processing rate/line 1 1 3 1 3 3
Max, head-end vessel capacity, m3 3.33 20 20 10 20 30
Total cell capacity/line, n 2333 1l,000 14,000 7000 1L, 000 21,000
No. of cells/line 7 1 1 7 U 1))
Cell size, m> 333 1000 1000 1000 1000 1500
Cell ventilation rate, m>/min 66.7 200 200 200 200 300
Total ventilation rate/line, m3 /min 700 L200 4200 2100 L200 6300
Ventilation train® F,M F,M F,M F,A,M  F,AM F,A,M
Total off-gas flow rate 28 85 255 2.0 h.o 2L
Off-gas train® s,T,F §,T,F s,T,F s,I,F  S,IF s,I,F
Interim® liquid waste (acid)
storage facility
Tark volume (80% filled), m 812 3785 3785 990 3785 3785
No. tanks required for 2-year 2 3 10 2 3 13
accumulation
Off-gas flow rate/tank, m>/min 6.1 28 28 7.k 28 28
0ff-gas train® c,F c,F C,F C,F C,F c,F
Vault ventilation rate, m>/min 6.1 56 20l 7.4 56 280
Ventilation train® c,F,M ‘C,F,M c,F,M ¢,F,M C,F,M c,F,M
Interim® waste solids storage canal
Length for 1L.6-m width, m 5.8 35 210 7.1 L2 250
Ventilation rate, m3 /min 170 1000 6100 210 1200 7300
Ventilation train® ¢,F C,F ¢,F c,F C,F C,F

8\ 1.0-metric ton/day plant processes 260 metric tons of uranium + plutonium per year,
by = caustic scrubber; 90% removal of iodine.

silver tower; 99% removal of iodine,

activated charcoal filter; 99% removal of iodine,

= metal mesh or silica gel; 99.9% removal of Te, Cs, and Ru,
high-efficiency iodine removal units; iodine DF of 107.

steam condenser; discharges air at 100°F and 100% relative humidity.
either reliably-protected HEPA or deep bed filter.

Normal effluent = 0,0012 mg/m>.

Accident effluent = 0,02 mg/m>.

®Two years.

WO H R P o
[l
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tion feed tanks) or plutonium storage (tanks of the assumed maximum size
packed with borosilicate-glass raschig rings containing solution at a

3.

plutonium concentration of 0.25 metric ton/m

Process Cells., - Process cells are assumed to have reinforced (1 to

2% steel) concrete outer walls that are approximately 5 ft thick, rein-
forced concrete partition walls between cells that are approximately 2 £t
thick, and volumes 50 to 100 times greater than the maximum vessel, Such
cells, roughly 25 to 35 ft cubes that have secured roof plugs, could
withstand a sustained pressure of 30 to 50 psig or the detonation of 25

to 50 1b of TNT at their geometric centers without rupture. It is assumed
that 7 cells are used in small plants; however, more compartments (i.e.,
1), cells per process line) are used in plants having capacities greater

than 6 metric tons/day.

Vessel Off-Gas System. - Present technology, with a trend toward

relatively lower off-gas flow rates per unit of plant capacity, is
assumed for LWR plants, It is also assumed that FBR plants will be
designed to minimize the vessel off-gas flow rate to approximately 70
cfm in a l-metric ton/day plant and that this flow will vary directly
with plant capacity but inversely with relative processing rate. The
off-gas is assumed to pass through a train (wet scrubber, solid halogen
absorber, and filter) to effect partial removal of iodine, semivolatile
fission products, and particulates and to discharge to the ventilation
system on the upstream side of the ventilation filter. It is assumed
that the wet scrubber serves to retain about 93% of the iodine in a
relatively nondispersible form and that the off-gas train for FBR plants
7

will include devices which will provide a cumulative DF of 10  for iodine.

Ventilation System. - The ventilation air exhaust is assumed to

consist of the air flow from the cells (at 0.2 air change per min) plus

an additional 50% that flows directly from the building (third containment
barrier). This stream is filtered, passed through metal mesh or silica
gel for 99.5% removal of ruthenium vapors, and finally exhausted to the
atmosphere through a 100-m-tall stack. In addition, the FBR plant is
assumed to be equipped with activated charcoal filters for 99% removal

of iodine, The filter system is assumed to be composed of either a sand
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filter or roughing and HEPA filters with equivalent reliability and
integrity. Independent process lines are assumed to have independent

ventilation systems.

Facility for Interim Storage of Ligquid Wastes. - The interim liquid

waste storage facility is assumed to provide for two-year storage of
acid waste (at a concentration of 0.01 gal per Mwd of burnup) consistent
with a maximum tank size (80% filled) of 1,000,000 gal and at least 30%
spare tankage. The off-gas stream - 1000 cfm for a 1,000,000-gal tank —
is assumed to pass, first, through a condenser (which would condense and
recycle the distillate to the tank in the event of loss of coolant), then
through a filter, and finally be discharged to the ventilation system
for the vault. The latter ventilation system collects the small purge
flow from each tank vault (plus the cambined off-gas from all tanks) and
discharges it through a backup condenser, filter, and ruthenium removal
device to a 100-m stack. The tanks and/or the vault are assumed to be
designed to withstand a hydrogen-air explosion (an internal pressure of
~100 psi) without rupture, possibly by venting to other tanks or vaults.
The tanks, vaults, and ventilation system are assumed to be designed to
withstand the effects of the maximum earthquake.

Canal for Interim Storage of Waste Solids, - The canal for interim

storage of waste solids (i.e., calcined waste) is assumed to provide for
a two-year accumulation of 6-in.-diam by 10-ft-long pots, each containing
fission products from 14,100 Mwd of burnup at an average solids concen-
tration of 1.0 x lO'h ftB/de. The pots are assumed to be covered with
at least 20 ft of water. The ventilation system for the canal and build-
ing provides 12 air changes per hour to minimize fog formation. The
ventilation system is assumed to be exhausted through a dehumidifier and
HEPA filters at the roof of the building.

8.3.2 Analytical Models and Mechanisms of Accidental Release

Mechanisms that tend to negate the primary confinement barrier (proc-
ess vessels, associated piping, and the efficient, low-flow off-gas system)
have the potential of releasing radiocactive materials to the atmosphere

through the ventilation system. The following sections will describe
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models for predicting the fractional release, discuss dispersive mecha-
nisms, and present estimates of the fractional release to the atmosphere

from upper limit accidents.

The designs of models for the release of radiocactive materials depend
on whether the material is released to the ventilation system as a gas

(or vapor) or as an aerosol.

Gas or Vapor. - Certain of the fission products (the noble gases,
halogens, and semivolatiles) may escape from the primary containment
barrier in gaseous form, The release to the environment from such
sources is relatively easy to predict; it is the fractional release from
the vessel mitigated by the removal efficiency of the devices in the
ventilation train. The noble-gas fission products, dominated by 85Kr
and 133Xe, may be released essentially quantitatively from process vessels.
Devices for partial removal of noble-gas fission products are not used in
present commercial reprocessing plants, but several types of devices have
been proposed for this application.sl’53 The halogens, dominated by 1311
and 1291, may be volatilized from process operations as 12, HI, or
organic iodides. Since these compounds have high vapor pressures at
room temperature, they are not appreciably removed by filtration,
Usually, activated charcoal filters may be relied upon to remove 99% of
the iodine from a ventilation stream, especially if most of the iodine
is in the form of I2 or HI (the typical forms released from most process

operations).

Certain other fission products, notably (in approximate order of
importance) Ru, Cs, Te, Tc, and Se, may be classed as semivolatiles since
gases or vapors of these elements may result from certain abnormal process
operations. The oxides of Se and Tc are completely volatilized at temp-
eratures in the vicinity of 200°C, while the normal oxides of Ru, Cs, and
Te require temperatures generally greater than '?SO°C.S)'L Under highly
oxidizing conditions in acid solutions, ruthenium may form the tetroxide,
which has a boiling temperature of approximately 80°C. A slight excess
of KMnOh in an acid uranyl nitrate solution at 80°C will result in the
volatilization of 70 to 80% of the contained ruthenium in § to 10 min.55

For this reason, highly oxidizing conditions are avoided in present fuel
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reprocessing plants. Evaporation and complete boildown of a nitric acid
solution of fission products will result in the volatilization of 10 to
20% of the ruthenium.sé’57 Once airborne, the vapor tends to rapidly
deposit on metal surfaces and decompose to the relatively nonvolatile
dioxide. For this reason, a "bucket of Brillo" (i.e., a tank packed
with stainless steel mesh) has been found to be effective for removing
ruthenium from off-gas and ventilation streams at the Savannah River
Plant, Silica gel absorbers, operating at about 70°C, were found to

remove 99.64 of the ruthenium from waste calciner off-gas at Idaho.58

Radioactive Aerosols., - The aerosol that would be dispersed in cell

air by an accident would consist of a dispersion of a radioactive solu-
tion, solid particles, or smoke., The physical properties of aerosols are
such that they effectively restrict the escape of radioactive particles
to the enviromment. This is seen commonly in practice since, through the
use of appropriate deentrainment mechanisms, the condensate from the
evaporation of a radiocactive solution may be made to contain only lOml‘L

to lO-6 of the activity of the solution, Gravitational settling serves
to limit the maximum aerosol concentration; we have been able to demon-
strate this through an approximate correlation of the solution concentra-
tion in air or vapor arising from cooling towers, evaporators, and air-

59

sparged vessels. This correlation is shown in Fig. 8.10.

In order to properly describe the release of aerosols from a cell,
we must be able to ascribe removal efficiencies to filters and to cracks
in cell walls, For superficial velocities less than approximately
0.15 ft/sec, it has been found that an aerosol formed by vigorous mixing
of a solution with air is metastable and has a concentration of the order
of 10 mg/mB. This metastable concentration is approximately equivalent
to fog, which has a concentration of approximately 10 mg/m3 and a particle
size of approximately 10 y. For orientational purposes, a l-in./hr rain
with a mass mean particle size of 3000 u has a concentration of 1000 mg/m3.
At ORNL,59 the particle size distribution of the metastable aerosol in a
ventilation stream downstream from the source has consistently been found

to have the particle size distribution shown in Fig. 8.11. Another piece

of relevant information reported by Garneréo is that the weight distribu-
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tion of particles smaller than 10 to 20 y will be fairly constant, even
if there is gross entrainment of larger droplets. The knowledge that
this distribution is fairly constant and constitutes approximately 10
mg/m3 may be used to estimate the approximate concentration of particles
smaller than a given size, even in an air stream which is very concen-
trated with liquid droplets. Practically, it is possible to assign
efficiencies to an absolute filter and calculate the effluent concen-

tration,

In evaluating the concentration of aerosols in air which leaks from
a cell, it is considered that the aerosol must follow many small tortuous
paths in its escape through 5 ft of concrete. The evaporator deentrain-
ment studies by Walsh and Schlea61 indicate that a single right-angle
impingement will reduce a liquid aerosol concentration to 10 mg/m3 or
less. Fine heavy-element dust would be reduced to the order of 1 mg/m3,
and the concentration of smoke in leaked air would probably be no more
than approximately 100 mg/mB. These numbers are primarily of use in
estimating the radiation dose to plant operating personnel. Essentially
all of the material that escapes from the cells through cracks during a
period of temporary pressurization would be routed through the filtered
cell ventilation systen.

Junge62 and Friedlander63 have observed that the particle size

distribution of airborne aerosols is remarkably constant or "self-
preserving.” Small particles tend to agglomerate rapidly by Brownian
motion, while large particles are removed by impingement or sedimentation.
Friedlander suggests that a quasi-stationary state exists such that the
rate at which matter enters a differential size is equal to the rate at
which matter is lost by sedimentation. It has also been determined that
the stable concentration of small particles (less than about 3 w in
diameter), because of agglomeration, is consistently less than a few
grams per cubic meter after the aerosol has been permitted to "age! for

6L -66

a few seconds or minutes. Friedlander has proposed the following
formulation for the differential concentration of particles in a

metastable aerosol as a function of size:
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dn = k2L

ar (6)

where

n = number of particles per unit volume,

k? = a constant,

r = radius of the particle,

a = a constant with a value of ~-1 to -1.5.

By converting to a mass concentration and integrating from r = 0 to

r =r, the concentration of particles with less than a given diameter is:
C(<D) = koD *® (”
where

C(<D)

mass concentration of particles with diameter less than D,
mg/mB,
density of the agglomerate, g/cm3,

]

p
D = diameter of the agglomerate, s
k = another constant,

It has been found that agglomerates, even of dense particles, have
a density of approximately 1 g/cm3.67

A related expression may be derived using the largely substantiated
expression for the rate of agglomeration of an aerosol containing part-

icles of a single size:

g_rtl = Kn2 ) (8)

where

t

time since beginning of agglomeration,
agglomeration coefficient,éh

9 x107/D on’/sec for D < 0.3,

3 x 10710 cm3/sec for D > 0.3 4.

e ]

114

From this expression, the initial concentration, Co, of particles

1/2 is:

3
- 1 Do
CO_EITQ . (9)

1/2

having a diameter Do and a half-life of t
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Assuming a half-life of 10 min and cornverting to appropriate units,

this expression becomes:

Co 97oopDoh Do < 0.3 (10)

Co = 2900pDo0> Co > 0.3 (11)

These expressions for aerosol concentration are compared with experi-
mental data for a wide variety of heavily concentrated and turbulent
aerosols (smoke, flyash, DOP, etc. in air, and water droplets in air and
steam) in Fig. 8.12. Expressions (10) and (11), for concentrations of
monodispersed aerosols with a half-life of 10 min, provide a practical
upper bound for the concentrations of solid particles in air. A better
description of aerosols containing liquid particles, is provided by

expression (7) when a is approximately equal to -2.

Based on the maximum concentration of particulates as a function of
particle size (see Fig. 8.12) and assuming that the efficiency of deep-
bed sand or HEPA filters is 100% for particles 0.3 ; in diameter, the
predicted concentration of particles in the effluent from absolute filters
is 0.02 mg/m3. Cheever determined experimentally that the maximum concen-
tration of plutonium particles in the effluent from a 30-in,-deep sand
filter, occurring at the optimum superficial velocity for a penetration
of 4.8 ft/min, was 0,02 mg/m> (ref. 68). This experiment was performed
under conditions that are very unlikely to occur in accident situations;
the filter influent concentration was 100 mg/mB, and the count-mean
particle size was only 0.07 , because the aerosol had aged for only a
few seconds. Cheever also found that an HEPA filter removed an additional
994 of the particles in the effluent from the sand filter. From these
data and known characteristics of filter systems, it is assumed that
filter effluent concentrations of 0,02 mg/m3 or less are attainable in

practice, regardless of the mass concentration of the influent.

The release of radiocactive material through the cell ventilation
system by a mechanism that generates aerosols is estimated to be as
follows:
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D
=c 2
R=¢C [th+vc

"-'-jl <”=J

D

} , (22)
T

c
where

R = the quantity of a component (in one metric ton of fuel) that is

released to the atmosphere,

C = mass concentration of particles in the filter effluent = 2 x 10-8
kg/mB,
Dp = concentration of the component in the particles, weight fraction,
Df = concentration of the component in the fuel, weight fraction,
F, = total flow rate in ventilation system, m3/min,
Fc = flow rate from the cell in which the aerosol has been generated,
m3/min,

t = duration of the source term for aerosol generation, min,

V = volume of the air in the cell (evaluated at one atmosphere of

3

pressure) following the dispersion of aerosol, m~.

When the aerosol is formed essentially instantaneously, as in an
explosion, the rate of release to the atmosphere will decrease exponenti-
ally with a mean life of FC/VC (which is assumed to be 5 min).

Dispersive Mechanisms. - Mechanisms for the dispersion of gases and

aerosols in cells include chemical explosions, fires, nuclear excursions,
and leakage. Some properties of explosions relative to the containment
potential of cells are shown in Table 8.8. All of the quantities of the
limiting explosive materials are very large as compared with their credible
inventories in a process vessel. The allowable quantities are even larger
if the cells are vented to another confinement zone of large volume (i.e.,
the cell-canyon concept used at Hanford and planned for MFRP). It is
assumed to be incredible that the cell would first fill with hydrogen or
solvent vapor and then explode. The flow rate of cell ventilation air is
sufficient to dilute any radiolytic H2-02.

The most serious fires in a fuel processing plant would be those

involving plutonium, that is, solvent or ion exchange resin loaded with
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Table 8.8. Estimated Properties of Explosions That Could Occur at the
Center of a 10-m> Cell® with 5-ft-thick Reinforced
(1 to 2% Steel) Cell Walls Without Rupture

Total Energy Pressure
Release at Cell Wall

Source of Explosion (Btu) (psig)
30 1b TNT 5l;, 000 <100
500 m> of L0 vol % H, in air 1,500,000 50
1120 > of 5 vol % propane in air 1,500,000 50
150 1b of "Red Oil" ~1,500,000 50
300 1b of sodium in water ~1,500,000 50

Nuclear burst of 3 x 10°° fissionsP 9,100,000 ~0.7

8Tnside dimensions.

b 6

Maximum burst of 10l fissions/liter in a tank containming 30,000 liters

of solution at a temperature of 85°F,




O
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plutonium., Purex-type solvent will burn at the rate of about 1 in. of
depth per hour and generate approximately 20,000 Btu/hr per £t of burning
surface, Experience in gloved enclosures has shown that fires covering
the entire area of the floor of the enclosure tend to self-extinguish in-
a matter of minutes because of depletion of the oxygen. This has been
true even in well-ventilated enclosures because the pressure increases to
several inches of water and reverses the flow through the intake, It has
been observed that ion exchange resin loaded with plutonium nitrate can
ignite spontaneously at about 120°C and burn (in the absence of air),
liberating about 540 Btu/lb.

Experience has shown that the initial burst resulting from a super
prompt-critical nuclear excursion in a solution is limited to a maximum
of 1019 fissions per m3 of solution.69 At this fission density, the void
coefficient caused by the generation of radiolytic gas (~1.4 m> of gas,

3 or solution) is sufficient to override the effect of high

at STP, per m
reactivity addition rates. Assuming that the temperature of the solution
is 85°F (the yield would be lower if the temperature were higher), this
burst would increase the temperature to boiling. If the solution is not
rendered permanently subcritical by the initial or succeeding bursts or
by ejection of solution, it may possibly boil to dryness. The dried
solids, if not suberitical because of low density and lack of moderation,

probably would be dispersed by one last burst.

Assuming that all of the solution in an equilateral cylinder with a
volume VT is involved in a nuclear excursion, the upper limit yield of
the initial burst (and probably the most powerful burst, resulting in the

generation of a radiolytic gas void fraction, at STP, of 1.}) is 107 v

-1 7T

fissions. When boiling begins, the steam void coefficient (2.3 x 10
m>/fission) (ref. 70) would limit individual bursts to approximately
6.1 x 1016 fissions/mB. Since the height of the solution in the tank is

1.08 Vl/3, and the bubble rise rate is about 12 m/min, the period between
bursts is approximately 0,09 Vl/3 min., The total time required for boil-

down of the solution (assuming 2.1 x 106 Btu/ton) is about 52 Vl/3 min,

The sudden generation of radiolytic gas or steam in the solution

would cause an inertial force to be exerted against the walls of the
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tank. An overestimate of the maximum amount of work that can be done in
deforming the vessel, taking no credit for free expansion into the vapor
space of the tank, may be calculated71 assuming that the liquid and gas
expand reversibly against the plastic flow pressure of the vessel. Assum-
ing a gas void fraction (at STP) of 1.lL per burst, no more than about 0.5%
of thé energy released in the burst could do pressure-volume work against
a resisting pressure of 200 psig. An unrestrained cylindrical tank of
characteristics assumed in this study could, theoretically, withstand
repeated bursts without rupture. [The rupture strain of 30LL stainless
steel is 0.65 (ref. T1)].

8.3.3 Method of Analysis of the Downwind Consequences of a Unit Release

of Radioactive Material

The method that has been selected for investigation of the environ-
mental consequences of an accldental release of radioactive material from
a fuel reprocessing plant consists, first, of the examination of a M"unit"
release of activity and, second, the application of the resulting data to

actual releases which could be expected from the various credible accidents.

Two different mixtures of isotopes have been considered. These
mixtures (listed in Table 8.3) simulate the fission product and actinide
contents of typical spent LWR fuel and LMFBR core and blanket fuel mixtures
which will actually be encountered; It is assumed that the LWR fuel has
decayed for 150 days prior to processing and that the LMFBR material has
decayed for 30 days.

For these mixtures, a "unit" release is defined to be the release of
all materials that are associated with 1 kg of fuel; therefore, the funda-
mental calculations have been performed on this basis. Initially, no
provision is made for differences in the chemical or physical behavior of
the various isotopes, and it is assumed that all of the components in a
unit release escape. However, as will be shown, it is possible to treat
differences in behavior and thus account for variations in the release

fraction due to filtration, chemical reactions, and other processes that

affect some of the components but not others.
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We have investigated both the external gamma dose and the external
beta dose that result from direct exposure to the radiation flux origi-
nating in the plume and from the internal radiation dose received as a
result of the inhalation of radiocactive material by a receptor submerged
in the plume. The calculation of both types of doses depends on a know-
ledge of the concentration of radioactive material in the plume as a
function of time and space. The concentrations have been computed by
using the "Gaussian Plume" formula'® and by utilizing the source term and
ground reflection correction described by Binford, Barish, and Kam.73 The
source term is derived using the assumption that a unit quantity of radio-
active material is released into the processing building, where it is
instantly and uniformly mixed with the air in the building, It is further
assumed that a constant fraction of the building volume is being discharged
from the stack per unit time., These assumptions lead to the following
expression for the concentration at the space point (x,y,2), relative to
an origin of Cartesian coordinates at the stack orifice, and at time

after the release has occurred:

At ., alx/u - 1) 2,. 2
X(x,y,2,7) = &8 eV /2% (13)
nua_ _a
y‘ Z
[ 2*/255  -(eh + z)2/2g§]
x e + e , T = x/u

where

X(x,y,2,7) = concentration, (curies/mB),
q = initial release, (curies),
U = wind speed in the x-direction, (m/min),

X,¥,2z = space coordinates (m),
2

qy(x), gz(x) horizontal and vertical dispersion param.eters,7
respectively, (m),

= exhaust rate, (inin'l),

a
= .o =1

A = decay constant, (min™),

h = effective stack height, (m),

v = time since release, (min).
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Decay will be neglected for the mixtures under consideration so that
% is set equal to zero, Moreover, the value of the concentration at the
plume center line (y = 0) at ground level (z = -h) is of great interest.
Under these conditions,

aqe® (/2 - ) /20
X(x,0,-h,t) = = © e s T = x/u ()
i UyO'Z
=0 s T < x/u o

This expression is proportional to the inhalation dose rate at ground
level at the plume center line and very nearly proportional to the
external beta dose. The time integral from r = O to ¢ - o is then

proportional to the total dose. This integral,

) -h2/2’5§
X(X:Os‘h:’b‘) dr = q_G___ P) (15)
1% e

is independent of a, the exhaust rate.

The dispersion parameters oy(x) and oz(x) are monotonic increasing
functions of the downwind distance, x; however, they also vary with atmos-
pheric stability. For a given value of x, the dispersion parameters
decrease with increasing stability. It is, therefore, necessary to specify
the degree of atmospheric stability in order to select the appropriate
set of values for the parameters. For the purpose of investigating the

external doses, two sets of atmospheric conditions have been utilized:

(1) "™Most Representative Conditions," where the wind speed has been
chosen to be 100 m/min (3.73 mph) and slightly unstable (C) con-

ditions are assumed to prevail.

(2) "Inversion Conditions," where the wind speed is 50 m/min (1.86 mph),
moderately stable (F) conditions prevail, and an inversion "Lid"

exists just above the stack orifice. To account for the latter, the

vertical dispersion parameter is modified by being held constant once
it reaches the value oé(x) = h/2.15 (see ref. 72).
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Many other combinations of wind speed and stability conditions are
possible; however, it is believed that these two are reasonably typical,
cover most of the likely situations that may arise, and permit valid inter-

polation to other cases which lie in between,

The inhalation doses have been computed on a somewhat more comprehen-
sive basis. As suggested above, many different combinations of wind speed
and stability conditions are possible. Thus the inhalation doses have been
computed for each of six different stability conditions, the results have
been plotted on a single graph, and the envelope of the curves thus obtained
have been utilized to estimate the inhalation dose to be expected at each

ground level point downwind on the plume center line.

In all cases, it is assumed that the effective stack height, h, is
100 m. (The effect of stack height on ground-level concentration will be
discussed in detail in a later section.,) Finally, it should be pointed
out that all of the doses computed below assume exposure of the receptor

during the entire course of the accident.

External Beta and Gamma Doses. - These doses stem from direct exposure

of the receptor to the radiation flux in the plume., Because of their short
range, only the beta particles that originate in the vicinity of the receptor
contribute to the dose. Hence, the dose rate may be assumed to be propor-
tional to the concentration of beta emitters at the location of the recep-
tor.73 The gamma dose, on the other hand, requires a space integration

over the entire volume of the cloud in order to sum the photon flux incident

on the receptor.

The computer program PLUME,73

which was originally developed in order
to calculate internal iodine and external iodine and noble-gas doses
following a reactor accident was used to perform these calculations. Input
for the beta dose calculation is the average energy per disintegration, the
equivalent number of curies, and a numerical constant to convert Mev/m3
into dose units. Input for the gamma calculation consists of the gamma-
emitting inventory, divided into nine energy groups, and the appropriate
cross sections and buildup factor parameters, The results are displayed

in Figs. 8.13 and 8.1l;. Note that, in these cases, there is no physical
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separation of the components and that all of the isotopes present are

assumed to behave similarly.

Inhalation Dose Calculations. - These radiation doses result from

inhalation of the contaminated air in the plume and from subsequent depd-
sition of radiocactive material in the various organs of the body. The
rate of intake of radioactive material is proportional to the breathing
rate and to the concentration of the radioactive material at the location
of the receptor. The total intake is simply the time integral of the
product of these two quantities. For the purpose of these calculations,
it will be assumed that the receptor is located at ground level on the
center line of the plume and that the exposure lasts for the duration of
the accident so that the intake rate is integrated over infinite time.
If the breathing rate is assumed to be constant, the total intake is:
% /25
r=£ae curies , (16)

u
s O'y’_TZ

where B is the breathing rate in m>/min and the other symbols are as
defined previously. For this study, P has been taken to be 2.08 x 10~2
m>/min., The quantity I/q is the total amount of activity inhaled per

curie of originally released material.

It should be noted that the spatial variation of the inhalation dose
is independent of the amount of released material, the wind speed, and the
breathing rate. Thus, for a given wind speed, breathing rate, and quantity

of material released, the expression

—h2/20§
9 = — (17)
Iy 0y
is the same function of x, regardless of the amount of material that is
released. This function, normalized to unity at its maximum value, has
been plotted in Fig. 8.15 for each of the six stability conditions. An
envelope enclosing the six curves has been drawn; this envelope permits
estimations of the dose at each point downwind by using a knowledge of

the dose at any given point,
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The dose at 40O m under A (extremely unstable) conditions is the
maximum and has been chosen for reference. At a wind speed of 100 m/min,
the total intake following the release described above is L.3 x 10-3 uc
per curie released. This factor has been utilized as input data for a -
computer program INREM,7h which, given the gquantity of radioactive material
inhaled, computes the dose to the most important organs as a function of
time after inhalation. The program takes into consideration uptake by the
various organs, effective half-life, and the age of the receptor, which,

for this study, was chosen to be 20 years.

The INREM Computer Code. - The rate of intake of radioactivity is
the primary radioactivity input for calculating the cumulative dose

equivalents by the INREM Code. These estimates of dose are compiled for
the various body organs from inhalation or ingestion of radiocactivity
programmed as continuous or intermittent intakes as a function of age,
The parameters in the dose equations change as a function of time as the
person ages during the time of intake or during the period of interest
(which may be longer than the period of intake). This code, as currently
dimensioned, has the capacity to handle 110 radionuclides and 11 body
organs, The model, programmed for all organs except the gastrointestinal

(GI) tract, is written as follows:

t t
| 2 2 8in(s - t-b)
Dinltyspst;) = 51 f I3l = 1), 8185, (0 - %) {f (s -t
t. t
‘ 1
5 - tb
3 exp[-j hn(r) drlas | at (18)
b-ty
where
Din(tl’tZ’tb) = cumulative dose equivalent (rems) received during

the time interval tl to t2 from the ith radionuclide

in the nth organ, resulting from intake during this

time interval by an individual born at tb’




O

y

t. = time (days) of initial intake relative to time of release

(t = 0 at time of release),

t2 = time (days) at end of period of interest relative to time

of release,
t, = time (days) of birth relative to time of release,
t = time (days) after release,

s = time after intake relative to time of release,

Ii(t) = intake (uc/day) of ith radionuclide at t,
m (t) = mass (g) of the nth organ at t,
fin(t) = fractional absorption (dimensionless) of the ith radio-

nuclide in the nth organ at t,
sin(t) = effective absorbed energy (Mev) of the ith radionuclide
in the nth organ at t, and

effective elimination constant (day_l) of the ith radio-

Xin(t)
nuclide in the nth organ at t.
The variables tl, t2, tb’ t, and s are measured relative to release,
whereas the variables I(t), mn(t), fin(t), gin(t), and xin(t) are functions
of the age of the individual. The code uses Eq. (18) for ingestion of con-
taminated food and water, or inhalation of contaminated air, and calculates

the cumulative doses to all organs except the GI tract.

When the age-dependent cumulative dose equivalents to the GI tract
are to be calculated, the (MPC)a or (M'PC)w is used in the following way:

t

D, (t,t,tb)=—-70'—3r— :
iyz L2 72 7Iy MPC iyz . Ii[(t - tb),t] ms/mg(t - tb) sig(t - tb)/ais
1
x fiz(t - w))/f 4t (19)

where
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Diyz (tl,t2 ,tb) = cumulative dose, equivalent (rems) to a critical
segment of the GI tract, received during the time
interval t; to t, from inhalation (y = 1) or inges-
tion (y = 2) of the soluble (z = 1) or insoluble -
(z = 2) form of the ith radionuclide for an intake
during this time interval by a person born at tb’

I’ = intake (ce/day) of air (y = 1) or water (y = 2),

(MPC)iyz = maximum permissible concentration (yc/cc) of the
1th radionuclide in air (y = 1) or water (y = 2),
where the ith radionuclide is soluble (z = 1) or

insoluble (z = 2),

t, = time (days) of initial intake relative to time of
release,

ty = time (days) at end of period of interest relative

to time of release,
tb = time of birth relative to timé of release,
Ii(t) = intake (uc/day) of the ith radionuclide at t,
s = standard man index,
£ = age index,
m, = mass (g) of the critical segment of the GI tract for
the zth age group,

e; , = effective absorbed energy (Mev) of the ith radio-
nuclide in the critical segment of the GI tract in

the gth age group,

fie = fractional intake of the ith radionuclide reaching
the critical segment of the GI tract in the gth age

group.

Calculations were made with the IMREM code to determine the dose
commitment for the first year following inhalation (which, in this model,
is the highest annual dose commitment) and also the dose commitment for a
period of 50 years following the intake, The complete output data from
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INREM have been reproduced in Tables 8.9 through 8.12. The results at
400 m were then utilized to obtain the doses at each point downwind by

means of the generalized curve of Fig. 8.15.

In order to allow for differences in chemical and physical behavior
of the various isotopes, the isotopes may be divided roughly into cate-

gories, depending upon their volatilities, as follows:
1. Volatile fission products: noble gases, halogens, tritium
2. Semivolatile fission products: Ru, Te, Cs, Tc, Se
3. Nonvolatile fission products: all other fission products
L. Nonvolatile actinides: plutonium and transplutonic elements

The dose commitment to the various organs, as well as to the whole body,
by these categories is given in Table 8.13.

Deposition. - In all of the foregoing calculations, it has been
tacitly assumed that there is no depletion of the plume by deposition,
fallout, or rainout. Consegquently, the results thus far obtained are
conservative 1in that some depletion of the plume due to these mechanisms
will occur, On the other hand, the deposition of relatively large quanti-
ties of an extremely toxic substance, such as 9OSr or plutonium, on the
ground én and around a highly populated area may give rise to a serious

9

hazard,

Criticality Accidents, - One possible cause of a serious accident in

a fuel reprocessing plant is inadvertent criticality that results in a
nuclear excursion. Aside from damaging mechanical effects, such an
accident would augment the inventory of fission products to an extent

depending on the number of fissions taking place during the excursion.,

In order to assess the additional radiation doses that would result

from such an incident, a "unit" nuclear excursion of 3.7 x 1018

fissions
has been investigated. The iodine isotopes and the noble gases and their
daughters were considered to be of primary importance. The internal dose
due to iodine and the external dose due to both iodine and noble gases
plus their daughters, have been calculated for both the "most representa-

tive" and "inversion" conditions, using the PLUME computer program.73
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Table 8.13.

8-77

Downwind Following the Release of 1 kg of LWR or Mixed

IMFBR Fuel from a 100-m Stack

Summary of Maximum Inhalation Dose Commitments® at LOO m

Whole Body Bone Lungs Liver Thyroid
IWR Fuel - First-Year Dose Commitment
Volatile fission products 0.00000039 - 0.000018 - 0,0000136
Semivolatile fission 0.0695 0.0898 2.56 0.120 0.000303
products
Nonvolatile fission 0.242 3.7k 4.83 1.38 -
products
Plutonium 0.129 5.78 1.48 0.552 -
Transplutonic elements 0.215 3,22 3.17 3.37 -
Total 0.655 12.8 12.0 5.42 0.000318
LWR Fuel - Lifetime Dose Commitment
Volatile fission products 0.00000039 - 0.0000317 - 0.0000136
Semivolatile fission 0.0709 0.0983 2.76 0.126 0.00030L
products
Nonvolatile fission 0.839 13.7 5.13 1.64 -
products
Plutonium 3.51 151, 2.94 16.0 -
Transplutonic elements 1.12 18.3 3.33 9.67 -
Total 5.54h 183. 1.2 27.4 0.000318
IMFBR Core-Blanket Fuel - First-Year Dose Commitment
Volatile fission products 0.00156 - 0.0123 - 0.872
Semivolatile fission 0,019 0.169 6.98 0.0578  0.00621
products
Nonvolatile fisgsion 0.610 8.29 10.4 2.68 -
products
Plutonium 0.672 30.1 7.68 2.87 -
Transplutonic elements 0.791 11.8 1.7 12.3 -
Total 2.09 50.4 36.8 17.9 0.879
IMFBR Core-Blanket Fuel - Lifetime Dose Commitment
Volatile fission products 0.00156 - 0,0123 - 0.873
Semivolatile fission 0.0480 0.17h 7.40 0.060L 0,00621
products
Nonvolatile fission 1.0L 15.L 10.9 3.1h4 -
products
Plutonium 18.6 806. 15.3 85.0 -
Transplutonic elements 2.2 3h.6 12,0 22.1 -
Total 21.9 856. L5.6 110, 0.879

a
In rems.
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The input data for this calculation are presented in Table 8.1L, and the

results are given in Fig, 8.16.

In some instances, iodine may be retained on a charcoal filter; in
such cases the thyroid dose shown in Fig. 8.16 would be reduced by a
factor equal to one minus the filter efficiency. For very efficient
filters, virtually all of the iodine would be retained; the whole-body
dose would then be due only to the noble gases produced during the excur-
sion and to those that result from the decay of the iodines trapped on
the filter. The external gamma-ray dose delivered due to noble gases
alone is shown in Fig., 8.17.

Validity of These Calculations. - The foregoing methods for estimat-

ing the downwind radiation doses following a nuclear accident have been
developed using the "Gaussian Plume™ model.72’75 Implicit in this deriva-
tion are the assumptions that the degree of atmospheric stability, the
wind speed, and the wind direction remain unchanged during the entire

course of the incident.

Although the results have, in most cases, been extrapolated to a
distance of 100 km from the stack, it is extremely doubtful whether this
model is valid for distances of more than 20 or 30 km. At a speed of
100 m/min, it would require 17 hr for the plume to extend for a distance
of 100 km. However, it is almost certain that variations of the weather

conditions, both with time and distance, would occur.

Moreover, the model also assumes flat, featureless terrain and does
not take into.account the various topographical features such as hills,
valleys, and lakes, No provision is made for the presence of buildings
and other structures, which may affect the behavior of the effluent either
because of proximity to the emitting source or because of modification of
the behavior of the plume in the vicinity of the receptor. Items such as
these must be handled on an individual basis, and, at present, there seems

to be no obvious way of generalizing the results of these effects.

In all cases, it has been assumed that the release takes place at an
elevation of 100 m. This assumption produces somewhat lower ground-level

concentrations than would a similar release that occurs at ground level.
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Table 8.1L4. Source Terms for Criticality Accident

(based on 3.7 x 1018 fissions)

Isotope Yield x(sec-l) q (curies)
1317 0.029 9.96 x 107" 2.9
1327 0.0kL 8.02 x 107 352.9
1331 0.065 9.25 x 107° 60.1
13Lg 0.076 2.20 x 1071 1,672.0
1351 0.059 2.89 x 1077 170.5
83my . 0.0048 1.00 x 107k 18.5
85my . 0.015 bl x 107 66.2
87gs 0.027 1.18 x 1074 399.6
88y, 0.037 6.95 x 10 257.2

. 89k 0.0L6 3.63 x 1072 16,698.0
133my, 0.0016 3.9 x 1070 0.56
133%e 0.065 1.52 x 107 9.9
135my, 0.018 7.40 x 107k 1,332.0
135%, 0,062 2.11 x 107 130.8
1383, 0.055 6.79 x 1074 3,735
88Rb Same as 88Kr 257.2

r 8% Same as O%Kr 16,698.0
188 same as 13%cs 3,734.5
133%e Same as 19T 60.1
IIr 135mge 308 of 1351 51.2

1354, 708 of 1351 119.3
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However, except for extremely stable meteorological conditions, the
difference is quite small once the peak ground concentration produced by
the elevated release has been passed. For example, under C-conditions,

the ground concentration from a release taking place at an elevation of

100 m reaches 75% of that from a similar ground-level release at a distance

of 1.2 km from the point of release.

The wind speeds used in these calculations have been chosen to be
100 m/min and 50 m/min because this range of wind speed is reasonably
characteristic of many locations. However, as can be seen from Eq. (16),

the dose is inversely proportional to the wind speed.

Finally, it should be pointed out that all of the doses calculated
are those which are delivered at ground level on the plume center line.
To obtain off-center-line ground-level doses, it is necessary to multiply
the results by the quantity

ﬁy2/202

e 4 s
where y is the distance (in meters) normal to the plume center line at
which the dose is required, and Iy (in meters) is the horizontal disper-
sion parameter. For convenience, values of 7 and o, for the various

stability conditions are shown in Figs. 8.18 and 8.19.

Despite the obvious shortcomings of the procedures outlined, it is
believed that they will, at least, produce order-of-magnitude results.,
These procedures will permit the development of sufficient "feel” for
the magnitude of the various credible accidents so that the problem of

siting can be approached in a quantitative manner,

8.3.4 Downwind Consequences of Upper Limit Accidents

Upper limit accidents were determined using the assumed properties
of fuel reprocessing plants (Sect. 8.3.1) and models and mechanisms
described in Sect. 8.3.2 such that the release of noble gases, "fresh"
fission products, iodine, semivolatile fission products, nonvolatile
fission products, and plutonium is maximized. The computed fractional

releases from the most significant accidents are summarized in Table 8.15.
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Table 8.15. Accidental Releases from Fuel Reprocessing Plants as a Function of Capacity

Release (kg of Fuel® Unless Otherwise Indicated)
from Plants of Capacity (metric tons/day) of:

LWR Fuel Reprocessing Plant FBR Fuel Reprocessing Plant
Accident 1 6 36 1 6 36
Nuclear Excursion in Head End
Duration, min 78 140 1ho 110 140 160
No. of fissions 2.7x10%° 1.6 x10°F 1.6 x 10% 8.0x 102 1.6 x 1025 2.4 x 107
Noble gas, % 100 100 100 100 100 100
Iodine, % 30 30 30 1.0 1.0 1.0
Volatile fission products 300 2000 2000 10 20 30
Semivolatile fission 1 ) 6 1 2 3
products
Nonvolatile fission products 0.00043 0.00L46 0.0046 0.00082 0.0020 0.0035
Transplutonic elements 0.00043 0.00L6 0.0046 0.00082 0.0020 0.0035
Pu (head end) 0.00043 0.0046 0.004L46 0.00082 0.0020 0.0035
Pu (Pu storage tank)® 0.038 0.57 0.37 0.018 0.0kl 0.075
Noble-Gas Release
85> + 133%e, curies 70,000 420,000 2,500,000 350,000 2,100,000 13,000, 000
Halogen Release
131 780 4700 14,000 7.8 L7 70
129¢ 36,000 220,000 660,000 %0 2200 3300
Semivolatile Release
Semivolatile fission 1 6 6 1 2 3
products
Release of Nonvolatiles
Semivolatile fission 0.00075 0.0045 0.00L45 0.0018 0.0037 0.0055
products
Nonvolatile fission products 0.00075 0.0045 0.0045 0.0018 0.0037 0.0055
Transplutonic elements 0.00075 0.00h5 0.00L5 0.0018 0.0037 0.0055
Plutonium Release
Plutonium 0.045 0.27 0.27 0.016 0,032 0.0L8

3The release of a component of the fuel is the product of these numbers and the concentration of that component
in a kilogram of average IWR or IMFBR fuel.

b’l'he nuclear excursion in the Pu storage tank is estimated to have the same yleld and duration, but would
release only "fresh" fission products and plutonium.
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Site boundaries dictated by the upper limit accidents were estimated
assuming that the maximum acceptable annual dose commitments resulting
from exposure to the cloud or inhalation at the site boundary are those
recommended by the NCRP for annual Ooccupational exposure. These emergency
dose commitments are compared with those of lOCFRlOO,3 an Isochem land
requirements study,76 and an ORNL study involving peacetime applications
of nuclear explosives2O in Table 8.16. The assumed acceptable dose commit-
ments have been employed only for reference purposes, but are believed to
be reasonable in view of the very low probability of occurrence of the

assumed upper limit accidents.

The maximum site boundaries (Table 8.17) for all LWR plants and the
l-metric ton/day FBR plant are determined by the whole-body dose resulting
from the release of volatile "fresh" fission products from a nuclear excur-
sion (30% and 1% release of iodines from IWR and FBR plants, respectively,
plus 100% release of the noble gases). Site boundaries for the larger FBR
plants are determined by the thyroid dose resulting from a silver tower
explosion, which is assumed to release 0.1% of the equilibrium inventory
of iodine. In Table 8.18, the total dose commitments resulting from various
upper limit accidents at the accident-dictated site boundaries of these
conceptual plants are compared with estimated dose commitments at the site
boundaries of the NFS, MFRP, and BNFP plants.

Noble Géses. - In plants that will partially remove the noble gases
from off-gas streams, the upper limit accident involving these gases 1is
considered to involve the complete release of the contents of a storage
vessel that contains a 7-day accumulation of krypton and xenon, A release
of approximately 6,400,000 curies of 85Kr plus 133Xe is required to cause
a maximum (at 40O m) downwind whole-body dose of 5 rems. This quantity
represents the total accumulation of these gases over 890, 148, and 25
days in LWR plants with capacities of 1, 6, and 36 metric tons/day, respec-
tively, and the total accumulation over 680, 115, and 3 days in FBR plants
with capacities of 1, 6, and 36 metric tons/day respectively. The release
of the T7-day accumulation of 85Kr and 133Xe in a 36-metric ton/day FBR
plant would result in a whole-body dose of greater than 5 rems within

distances of about 2,3 km.
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Table 8.16. Comparison of Assumed Maximum Dose Commitments for Individuals in the General
Population as a Result of Upper Limit Accidents with Those Given in 10CFR100,
an Isochem Land Reguirement Study, and a Study for Excavation
of a Sea-Level Canal with Nuclear Explosives

This Study 10CFR100 Isochem Study Nuclear Excavation Studyd
Maximum Approximate Maximum Maximum Maximum Maximum
Annual Dose Total Dose Total Dose Total Dose Annual Dose Total Dose
Commitment Commitment Commi tment Commitment Commitment Commitment
(rems/year®) (rems/50 years") (rems®) (rems/lifetime) (rems/year) (rems/70 years)
Whole body 5 50 25 25 3 10
Red bone marrow 5 3 10
Head and trunk 4
Gonads 5 3 10
Lens of eyes S 8 15
Skin 30 300 15 30
Thyroid 30 30 300 300 15 30
Bone 30 500 300 15 30
Hands, forearms, 75 38 75
feet, and ankles
Other single organs 15 90 (1liver) 150 8 15
18 (lung)

2These data are maximum permissible annual doses for occupational exposure as recommended by NCRP,

bThese data repregsent the approximate 50-year dose commitment resulting from a single intake of mixed spent reactor fuel
such that the maximum annual (first-year) dose commitments do not exceed those given in the first column,

®106FR100 provides reference values of total whole-body and thyroid dose (incurred during passage of the radioactive
cloud) for use in the evaluation of reactor sites with respect to potential reactor accidents of exceedingly low proba-
bility of occurrence and low risk of public exposure to radiation.

dThese data are proposed maximum acceptable dose commitments for use in planning for the construction of a sea-level

canal with nuclear explosives. They are considered applicable to special radiation protection problems in which an
assessment of risk vs benefit would dictate greater annual dose commitments than those recommended by the ICRP, FRC,
and TAEA.
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Table 8.17. Site Boundaries (Distance from the 100-m Stack) Determined
by the Maximum Upper Limit Accidents in a Spent-Fuel Processing Plant?

Distance to Site Boundary (km) for Reprocessing Plants of
Capacity (metric tons/day) of:

LWR Fuel FBR Fuel
Accident 1 6 36 1 6 36
Nuclear excursion 0.LhL 2.0 2.0 1.2 2.0 2.8
Release of:
Noble gases (1.1)° (6.6)° (39)° (5.5)° (33)° 2.2
Halogens (0.2)P (1.0)° (2.9)° (23)° 1.0 2.3
Semivolatiles (17)P 0.l 0.4l ok (0.93)° 1.0
Nonvolatiles (0.00)°  (0.23)®  (0.23)P (0.27°  (0.59)°  (0.81)P
Plutonium (0.9)P (5.2)° (5.2)P (1.6)° (3.2)° 4.8)°

#These boundaries are selected such that the maximum annual (first-year) dose

cormitment to the critical organ will not exceed that recommended by the NCRP
for annual occupational exposure.

b‘I'he maximum acceptable dose commitment is not exceeded at any distance downwind.
The numbers in parentheses are the maximum percentages of the maximum acceptable
dose commitment, which occur 40O m downwind of the stack.
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Fresh Fission Products. - Fresh fission products would be generated

in a nuclear excursion. A nuclear excursion in a head-end vessel of maxi-
mum capacity, resulting in complete boildown of the solution, is assumed.
After boildown and dehydration, the reaction would terminate in the
assumed vessels because of the low effective density of the fissile mater-

3

ial (~3 g per cm” of uranium plus plutonium in calcined solids is assumed) .
The thermal power of the nonvolatile fission products (the fresh fission
product heat is significant for the first 1 to 2 hr following the excur-
sion) would then calcine the solids; these solids would probably subse-

quently melt through the vessel, flow onto the cell floor, and resolidify.

It is assumed that the initial rupture breaks the off-gas line and
that all of the steam generated in the boildown phase (containing all of
the noble gases, 30% of the iodine, 20% of the semivolatile fission pro-
ducts, and particulates of solution have the average concentration of
nonvolatile fission products and plutonium) is discharged to the cell
atmosphere and exhausted through the ventilation system. It is assumed
that 99.5% of the semivolatile fission products are removed from the hot
(air and saturated steam at ~100°C) ventilation stream by passage through
metal mesh or silica gel absorbers. The ventilation systems of FBR plants
are assumed to incorporate activated charcoal filters for removal of 99%
of the iodine, The particulate release is calculated using the model
presented in Sect, 8.3.2.

The doses delivered by a nuclear excursion are dominated by the
whole-body dose that results from exposure to the radioactive cloud of
fresh fission products (Fig. 8.17).

Release of Todine Inventory. - It is assumed that a fire or explosion

in a solid halogen absorber would completely release the contained equi-
librium concentration of lBlI and a two-year accumulation of 1291. It is
assumed that approximately 93% of the iodine collected by pretreatment in
a wet scrubber is not dispersible, FBR plants are assumed to utilize

charcoal filters that remove 99% of the remaining iodine,

The thyroid dose which results from the explosion of a silver reactor
is obtained by properly prorating the 1311 ang 1291 doses at O.4 km, as
found in Tables 8.9 and 8.11, and applying the generalized dose curve (Fig.
8.15). 5
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Release of Semivolatiles. - It is assumed that a total of 0.1% of the

semivolatiles in the largest vessel is released by a mechanism other than
a nuclear excursion (i.e., a tank boildown or an inadvertent addition of

oxidants to a process vessel).

The upper limit accident in a waste tank for interim (2-year) storage
of mixed fission products would release a smaller amount of ruthenium by
comparison., In evaluating the waste tank accident, it is assumed that
coolant is lost from the tank and that the tank leaks, discharging steam
to the vault ventilation system and its condenser. The distillate, con-
taining about 20% of the semivolatiles, is assumed to be returned to the
tank, but an aerosol composed of particulates containing 20% of the con-
centration of semivolatiles in the waste is discharged through the filters.
The release from this source is insignificant (semivolatiles content,
<10'8 ton of fuel).

The doses resulting from the release of semivolatiles are controlled
by the dose to the lung. They are obtained by application of the data in
Tables 8.9 and 8.11, and the generalized curve (Fig. 8.15).

Release of Nonvolatiles. - The upper limit accident involving the

release of nonvolatile fission products and transplutonic elements was
determined to result from an explosion in the waste calciner containing
fission products at a concentration of 10')'L ft3 per megawati-day of burnup.
The explosion in a waste evaporator would cause essentially the same release
if the droplets evaporated in the ventilation system upstream of the filter,
No "credible™ accidents that would cause a larger release of nonvolatile
fission products could be postulated in the interim solids storage pool or

interim liquid waste tank.

The downwind doses resulting from the postulated releases were found
to be negligible,

Release of Plutonium. - The maximum credible plutonium release was

assumed to result from a fire of 0.5-hr duration (the fractional release
1s proportional to the time of aerosol generation) involving either resin

or solvent loaded with plutonium. The particles escaping from the filter

were assumed to be pure PuO2 (a pessimistic assumption). The release of
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plutonium from this source is about the same as that from a nuclear
excursion involving complete boildown of the plutonium storage tank

(containing wp to 7.5 tons of plutonium).

The controlling bone dose from a plutonium fire is found in a manner
similar to that used to calculate the dose resulting from the release of

semivolatiles,

8.3.5 Maximum Theoretical Accident

A maximum theoretical accident has been evaluated for the purpose of
illustrating the worst possible consequences that could result from poor
design and/or implementation of good practice., Since waste storage tanks
are known to have the largest inventory of physiologically hazardous
materials, we have assumed that a hydrogen-air explosion occurs in the
vapor space of an acid waste tank containing a 2-year accumulation of

fission products.

Mechanical Consequences. - Illustrative (but not the worst possible)

mechanical consequences of such an accident were made assuming that the
tank contains fission products from 39,000,000 Mwd of fuel exposure (a
2-year accumulation from a 6-metric ton/day plant processing fuels irradi-
ated to a burnup of 12,000 Mwd/ton), generating 56,000,000 Btu/hr in
390,000 gal of solution, The tank, 80% filled with solution, is assumed
to: (1) be fabricated of 0.5-in.-thick stainless steel, (2) have a diam-
eter of 65 ft and a height (with flat heads) of 20 ft, and (3) be housed
in a 3—ft-thick‘concrete vault buried under 10 ft of earth, Following

the loss of purge air to the tank, the concentration of hydrogen in the
13,OOO—ft3 vapor space would increase to L vol 4 (the minimum flammable
concentration) after about 3 hr and to 30 vol % after about 2 hr, Assum-
ing that the loss of purge air is undetected and that there is a source
of ignition after 2 hr, the resultant explosion would liberate approxi-
mately 1,100,000 Btu of energy, generate a pressure of approximately

100 psig in the vapor space, elevate the concrete roof and earth cover by
several feet, and (we assume) rupture the coolant and off-gas piping in
such a manner that complete loss of cooling would ensue and the tank
would be directly vented to the atmosphere.
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Assuming that no remedial measures were taken following the loss of
coolant and the breach of containment, the solution would heat to boiling
in about 10 hr and evaporate to dryness after about 125 hr. The waste
salts could calcine, melt through the floor of the tank, decompose the
concrete, and flow into the earth beneath the tank after a total of

approximately 160 hr following the explosion,

A comparable accident in an alkaline waste storage tank would have
similar consequences, but would take place over a longer time period
because of the greater dilution. Calculations made for a 1,200,000~gal
alkaline waste tank containing waste generating }43,000,000 Btu/hr indicate
that the waste would heat to boiling after approximately 23 hr, boil to
dryness after approximately 273 hr, decompose after approximately 290 hr,
and melt through the vault in approximately 330 hr.

The transient growth of a molten sphere in infinite media of ary
sand and limestone was estimated, assuming that the fission products are
mixed by convection in the molten zone and that the molten zone has the
same density as the surrounding earth (so that no settling or flotation
of the sphere would occur). Assumed properties of the dry sand and lime-
stone are shown in Table 8.19. The results (Fig. 8.20) indicate that the
radius of the molten sphere in dry sand would grow to a maximum of sbout
75 £t after about 1500 days. In limestone, the radius of the sphere would
grow to a maximum of approximately 50 ft after 700 days. The molten zone
would completely solidify after about 150 years.

Release of Radioactive Materials to the Atmosphere. - The semivolatile
fission products (Ru, Cs, and Te) would be released quantitatively to the

atmosphere during the boildown-calcination phase of this maximum theoretical
accident. In addition, about 0.1% of the mixed nonvolatile fission products
would be released by entrainment in the steam; however, these can be neglec-
ted in an analysis of consequences because their effect is negligible by
comparison., In the evaluation of downwind consequences, it can be assumed

that thermal currents carry the semivolatile fission products to the top

of an atmospheric inversion layer,
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The release to the atmosphere from the maximum theoretical accident
in an alkaline waste tank would be comparable to that from the acid waste
tank except that it would take place over a longer time period. The
cerium would probably be released quantitatively during the boildown
phase. The ruthenium would be released during the calcination phase,
although it is probable that a portion would be deposited on cool (<800°C)
surfaces as it diffuses to the postulated break in the off-gas line,

The consequences of a waste tank boildown may be found by proper
prorating of the O.L-km doses found in Table 8.13 and by use of the
generalized dose curve (Fig. 8.18). The doses thus obtained (>lO5 rems
at 0.}, km downwind) have little meaning other than to show why such maxi-
mum theoretical accidents must be rendered incredible through the use of

appropriate engineered safety features.

Another related type of accident in an acid waste tank, also consid-
ered only of a theoretical nature since it depends on a very improbable
combination of circumstances, involves simultaneous failure of the coolant
for the coils of the tank and the off-gas condenser. In the event of such
an accident, the contents of the tank would boil down on essentially the
same time scale as that discussed previously. Because of the low heat
capacity of the air and typical ventilation ducts, a mixture of air and
saturated steam at approximately 100°C could pass through the off-gas and
ventilation filters and be exhausted to the stack. Certain of the semi-
volatile fission products (in particular, ruthenium tetroxide, which has
a boiling point of ~80°C) may be carried by this stream. It is assumed
(as in the case of the nuclear incident discussed previously) that 20%
of the ruthenium i1s volatilized during the boildown phase and that, of
this, 99.5% is removed by deposition on metal or on the filter. The
remainder of the semivolatile fission products might be evolved in the
calcination phase, but the off-gas line is assumed to cool following
cessation of steam flow, permitting essentially complete (by comparison)

removal of the semivolatile fission products by deposition and filtration.

Mitigation of Accidents. - The authors stress that such accidents as

the one denoted as "maximum theoretical may be converted to the tolerable

category, in terms of consequences, by proper forethought and design, For
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example, the effects of the postulated hydrogen-air explosion can be
mitigated by one of the following (and possibly by others, limited only
by the ingenuity of the designers):

(1) Increase the reliability of preventive measures for control of"

the purge air flow and the hydrogen concentration.

(2) Enclose the waste tarks within a building that is ventilated
through a condenser and filter.

(3) Design the tank and/or the vault to withstand a pressure of
about 100 psig without rupture.

(L) Decouple the tank from the vault., Use a pressure suppression
and/or pressure relief system in the tank. Vent the vault to a
containment system with large capacitance or to a pool of water

for steam suppression,

(5) Use titanium tanks and self-boiling wastes to ensure effective

purging of the hydrogen by steam,

8.3.6 GConsequences of the Leakage of High-Level Wastes to the Ground

Radiocactive waste solutions that are released by tank failure might
be routed through the geologic formation lying between the tank site and
the nearest surface drainageways. Since analyses must be made using
specific site conditions, a hypothetical tank site at Oak Ridge was chosen
for didactic purposes. This site was considered to be located in Conasauga
shale on a promontory, with intermittent surface streams passing to the
east, south, and west of the tank site. The shale formation is quite
impermeable, and the movement of water is restricted so that it flows only

along bedding planes,

Samples of the Conasauga shale were obtained below the highly weathered
zone in a direct path toward the surface streams. These samples were acid-
ified for the removal of calcite, and the exchange capacities were determined
by the calcium titration method of Jackson.77 A mean value of 11 + 1 meq/100

g was obtained. Overnight refluxing in 7 I_’{HNO3 at 85°C showed a hydrogen

ion consumption of 260 meq/100 g, which would be sufficient to neutralize
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the entire contents of an écid waste tank within a distance of 30 ft from
the tank. In the case of acid waste, it was assumed that neutralization
of the acid by calcite in the formation would result in a calcium salt
system. In this system, strontium was assumed to compete with calcium.
without selectivity of either ion, alggough strontium might be slightly

more selectively sorbed than calcium. For the sorption of strontium
from neutralized wastes, and for the sorption of cesium and ruthenium,
information on the sorption properties of Conasauga shale were obtained

from previous laboratory studies, 10782

The quality of the groundwater was assumed to be similar to that of
Clinch River water, which has a total cation (calcium and magnesium)
concentration of about 0,002 meq/ml.83 Seepage rates were assumed to be
characteristic of the area surrounding Waste Pit 2, where the average
seepage rate from 1953 to 1958 was 3900 gal/day through an average side-
wall area of 9000 £t° (ref. 84). This corresponds to a mean superficial
velocity of 0.06L ft/day. A mean groundwater velocity of 0.67 ft/day was
used, which implies approximately 10% efficiency of contact between the
shale and solution. If the initial seepage rate were maintained, the
daily seepage rate from the acid waste tank (filled to a height of 35 ft
with lO6 gal of waste) would be 2275 gal. The seepage from the neutral-
ized waste tank (filled to a height of 36 ft with 1.25 x lO6 gal of
waste) would be 2340 gal.

Dispersion properties of solution in the formation (Fig. 8.21) were
estimated from the results of a chloride tracer test conducted at the
8L These data indicate an effective plate height of 46.5, according
to the notation of G-lueckaui’.8S

site,.

Calculation of Radionuclide Movement., - In addition to the assumptions

outlined above, it was further assumed that the waste would move longitudi-
nally through a zone 75 ft wide, with a height equal to the original liquid
level in the waste tank, to surface water at a distance of 200 ft. No
allowance was made for lateral dispersion, but the spread of the solute

was assumed to occur according to Glueckauf's model for the elution of a

band of solute through a linear ion exchange column., The porosity of the



8-99

ORNL-DWG 64-946

97 7

95
z /
S o
= 90 -
= o
- 7
Z 80 2
Q
& o’
© /
2 60 ?
2 J
(T
" /
o 40 7
X Vat
- /
= ®
o 20 /l
5 /|
<
@ 3
£ 10 / t = 140 hr
w
S 5 / t = 87 hr
O ‘47
S * / N = 4.3
o 2 7 d = 200 ft
S / HETP = 46.5 fi
3 / T
S 0.5

0.2

10 20 50 100 200 500 1000
TIME (hr)
Fig. 8.21. Dispersion Properties of Chloride in Conasauga Shale at

a Four-Acre Tank Site.




O

8-100

shale effectively contacted by solution was assumed to be 25%, with a
grain density of 2.6l g/ml.

If a leak were to develop in a waste tank, the amount of solution lost
to the formation would be limited by the ability of the formation to accept
the solution, During percolation of the waste solution, the groundwater
concentration in the zone of migration would be increased, returning to
normal when the waste solution was again displaced by the local ground-
water, Movement and dispersion of the specific radionuclides were esti-
mated by using Glueckauf's model in order to describe the dispersion of
the unsorbed anions and correcting for retention of the radionuclides by

the formation, as discussed by Inoue and Kaufman.86

However, due to the
variable concentration of electrolyte in the groundwater, the retention
factor was not constant with time. In addition, radioactive decay was

considered.

The results of calculations for the movement of ~OSr from an acid

tank are shown in Fig. 8.22. The initial peak in 905

r activity at the
surface drainageway occurs at about 1 year and is due to the relatively
slight sorption of strontium by the shale in the presence of high concen-
trations of electrolyte. With time, these high concentrations of salt are
diluted and replaced by fresh groundwater, and a second concentration peak
occurs after about 150 years. The relative magnitude of these two peaks
depends on the total quantity of electrolyte released to the formation.
If, after a leak occurs, the waste solution is pumped from the ground, the
initial rapid movement will not be observed due to the removal of the
excess electrolyte, Furthermore, in the case of 9OSr in an acid waste
system, an appreclable fraction of the total radioactivity could be
removed (Table 8.20).

For neutralized waste, the precipitation of strontium, in addition

to the increased probability for ion exchange, prevents 9OSr from attaining
any significant concentration at the surface drainageways. The high
affinity of the Conasauga shale for cesium deters movement of 13708 so

that radioactive decay occurs before significant concentrations would be

observed in either acid or neutralized waste systems. The relatively rapid
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Table 8.20. Recovery of Radionuclides from the Soil After
a Leak Has Developed in a Waste Tank

Percentage Recoverable

Isotope Acid Waste Neutralized Waste
90gy 88 a
1365 2 <1
106, 18 20
decay of 106Ru (half-life, 1 year) would prevent it from attaining sig-

nificantly high levels at surface seeps unless a very extensive leak were
to occur.

Several factors must be incorporated into the mathematical model in
order to arrive at predicted concentrations. Each parameter used is
subject to variation, Figure 8.22 was estimated using the following

guesses for these parameters:

Mass of soil contacted per milliliter of pore solution..... 8 g

Stable composition of acid Wasbe........oevevunrrnnnn... e 5.TM
Stable composition of groundwater.................... eess.s 0,0020 N
Distance of travel.......... et eee et a s . 200 £t
Groundwater velocity....vvevuerenrnrnn... ettt eaaa, ... 0.67 ft/day
Theoretical plate height.......covvvvununn.. et . 50 ft
Strontium distribution factor........ Cetetereere et . 0.11 ml/g

In addition, cases were considered in which each of these variables was
allowed to vary by +10% of its average value. The maximum and minimum
concentration curves for a 100-day leak are shown in Fig, 8.23. It is

seen that, although the shape of the curve (as plotted on a log-log scale)
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is not significantly affected, estimates of the activity levels at any

time may be in error by one or two orders of magnitude.

The distribution factor and the mass of soil contacted per milliliter
of pore solution will determine the relative velocity of the radionuclide
in comparison to the percolating groundwater. The larger these two factors,
the slower the relative velocity. Since the distribution factor is inversely
proportional to the concentration of the percolating solution, the movement
of the radionuclide is most rapid initially and is then reduced as the
groundwater concentration returns to normal. The level plateau on the-
curves between the two peaks reflects the ratio of the normal groundwater

concentration to the concentration of the waste solution.

The time of travel is dependent on the groundwater velocity and the
distance traveled. In our local situation, flow is nearly unidirectional
However, because this would not likely be the case in other situations,
additional consideration would need to be given to the geometry of the
flow patterns. In our situation, it was found that the dispersion of the
chloride tracer could be described by a chromatographic breakthrough curve
with a theoretical plate height of 6.5 ft. This implies that about 1% of
the groundwater will traverse 200 ft in one-third the time of the average
movement., In other situations, the average groundwater velocity may be
quite different from the values we used; thus it may be impossible to fit
travel times to simple dispersion or chromatographic breakthrough equations.
A greater degree of dispersion hastens the appearance of radicactivity at
a given point, but the peak concentrations are diminished unless adequate

time has elapsed to permit radiocactive decay.

Thermal Effects., - The distribution of radionuclides in the soil is

important because of the thermal problems that are likely to result from
high concentrations of radioactive material in a medium that has poor
heat-conducting properties. Spherical shell geometry and thermal equi-
librium were assumed as a first approximation to estimate the magnitude
of the thermal problem in contaminated Conasauga shale, Figure 8,2l shows
the simplified model and the heat-generating capacity of the contaminated
shale according to zones. A solution in the spherical shell geometry has
been described by Etherington.B7 In the present study, the tank has been
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ORNL DWG. 66-10860R{

ONE OF ZERO
HEAT GENERATION

SURFACE OF
HEAT SINK

LIQUID RETAINED LIQUID NOT RETAINED
ZONE Btu '3 hr™! 13/ gal Btu ft™3 hr™ 13/ gol
| 200 0.15 61 0.15
2 280 0.05 220 0.06
3 250 0.09 140 0.25
4 33 0.18 47 2.80
5 0.45 0.0l 0.05 0.73

Fig. 8.24, Configuration and Characteristics of Contaminated Soil
Zones,
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ignored as a heat sink, and a heat sink was assumed to be located at the
edge of a variable-sized non-heat-generating region., To define the limits
of temperature rise, two cases were considered. The first assumes that
liquid waste is retained in the shale pore volume, and the second assumes
that liquid is not retained in this way. The source strength is listed
for each zone, and the volume occupied by each zone is normalized to 1 gal
of waste. For example, if a leak of 1000 gal occurs and liquid waste is
retained by the shale pores, then the volume of zone 1 is 150 ft3 and the
heat-generating rate in this zone is 30,000 Btu/hr.

When acid waste leaks from a tank, it will be neutralized by the
buffering action of the shale (260 meq of H' per 100 g of shale). Zone 1
depicts the acid zone; the remaining zones are neutralized. Soil loadings
were estimated from studies conducted at ambient temperatures and from
Judicious application of these results to the analysis, Values of thermal
conductivity of unweathered Conasauga shale range from 1 to 2 Btu m:'n_n'1
etk (°F)-1 when measured at 30 to 33°C.88 Similar data do not exist for
elevated temperatures. Therefore, it was assumed that the thermal conduc-
tivity of shale increases gradually with increasing temperature and follows
the pattern obgerved in metal systems.89 In all likelihood, the thermal
conductivity of shale will decrease as the temperature increases, especially
when water is lost from the shale, Thus, the temperature rise estimated in

this analysis is likely to be lower than that which may actually occur.

Figure 8.25 shows the steady-state temperature attained in the center
of the spherical system as a function of leak volume., Maximum temperatures
increase with the volume of the leak, the retention of liquid in pore
spaces, and the absence of a heat sink, Temperatures range from 870 to
1250°F for a leak of 100 gal,

Transient temperatures are being investigated as a function of time
and space in a system that includes a variable-sized cylindrical geometry
(representing the contaminated zone) and variably spaced heat sinks located
at the tank, the groundwater table, and the ground surface.

A digital computer program, TOSS, contains many of the requisites for

solving the transient problem for a multivariate system.9o This program,
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which has been modified to suit the needs of the present study, has the
capability of calculating the temperature distribution for a three-
dimensional, multiregional problem having internal heat generation. A
number of cases are being analyzed. Studies are also under way to evalu-
ate the diffusivity, or specific heat, and the thermal conductivity of

Conasauga shale as functions of temperature.

Conclusions. - In a formation similar to Conasauga shale, the slow
rate of percolation of the solution, combined with rather high sorptive

properties of the formation (except for 90

Sr in an acid waste system),
would tend to prevent the rapid release of large quantities of radionu-
clides directly into surface waterways. However, this delay would result
in the buildup of activity in the formation to levels that would probably
present a serious thermal problem. The delay time afforded by the forma-
tion could be used for remedial measures (e.g., for pumping groundwater
from the formation to recover the unsorbed radionuclides and for prevent-

ing further transport of the fission products).

The absolute values for radionuclide movement that have been calcu-
lated and presented in this discussion should not be considered to be
precise since the estimates were based on a rather limited description
of the site, However, the procedure for making these estimations could
be applied for any proposed site. Actual tests of seepage and dispersion
at a proposed site employing the layout of the tank system would provide

a more adequate basis for such calculations,

8.4 Requirements for Treatment of Routine Effluents

The preceding sections have shown that the assumed routine releases
of radionuclides from fuel reprocessing plants require greater site bound-
ary distances than those required by the assumed upper limit accidents.
The large site boundary distances that were estimated to be required by
the routine release from plants of high capacity provide incentive for
partial removal of the noble gases and a larger percentage of the iodine
than that assumed in Sect. 8.2.1.

Table 8.21 shows approximate site boundaries that would result if
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the noble gases and ilodine were removed from the normal effluent to such

an extent that the maximum site radius is determined by the upper limit

accident. On this basis, equipment for removing 50 to 99% of the noble

gases appears to be necessary for plants with capacities of more than a

few tons per day. More efficient iodine removal than that demonstrated

in present technology will be required for LWR plants with capacities

greater than about 6 to 10 tons/day, and decontamination factors (DF's)

8

as high as 10~ will be required for FBR plants if the spent FBR fuel is

to be processed after decay times of only 30 days.

10.
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